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Abstract 
The pet food sector of the Australian pet industry spends $4.2 billion annually [1], 
which is an increase from the previous surveys and has been attributed to the 
'humanisation' of pets [2] as well as increased consumer awareness of the importance 
of a balanced and nutritious diet for pets. This means there is a growing demand for 
products catering specifically to the lifecycle, activity levels and breed of pets which 
manufacturers need to meet to increase their market share. Ingredients added to pet 
food for their health benefits include omega-3 and omega-6 fatty acids and amino 
acids. However, these ingredients have the potential to degrade to harmful products as 
fatty acids can undergo lipid oxidation and amino acids form biogenic amines through 
decarboxylation. It is important to detect these processes to ensure harmful products 
are not being consumed by pets. 
Biogenic amines, used as an indicator of food spoilage, require derivatisation to alter 
the chemical properties of the compounds for improved detection. Two commonly 
employed HPLC derivatization reagents, OPA and Dns-Cl, were investigated for their 
ability to be automated for industry use. Optimization of an automated OPA 
derivatization method for pet food samples resulted in a fast, simple process using the 
HPLC autosampler program with LOD below 0.015 ppm. Following modifications, 
the Dns-Cl derivatisation was also able to be automated using a dedicated sample 
preparation instrument (the Agilent Sample Prep Workbench), with LOD at or below 
0.2 ppm. This approach involved a longer reaction time compared to the OPA method 
but was more selective at derivatizing only the biogenic amines of interest within pet 
food samples rather than additional sample components. The methods were applied to 
real pet food samples, and the results achieved with both methods compared well.  
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Lipid oxidation can be delayed by the addition of self-sacrificing antioxidants. 
Currently natural antioxidants are the preferred treatment in food products including 
pet food. Fatty acid ascorbyl esters were synthesised enzymatically by Dr Taiwo 
Akanbi and then tested in this work for their ability to work as natural antioxidants. 
Antioxidant activity methods employed for this included 2,2-diphenyl-1-
picrylhydrazyl (DPPH) antioxidant activity assay, potassium permanganate 
chemiluminescence by flow injection analysis, the Rancimat method and a storage 
study. For all methods, the synthesised fatty acid ascorbyl esters showed an ability to 
act as antioxidants, but different trends in the activity were observed with the different 
methods. 
It is important to be able to detect antioxidants in the pet food industry to ensure the 
sample is kept stable prior to consumption. While natural antioxidant treatments are 
preferred by consumers, pet food samples can contain a range of both natural and 
synthetic compounds and therefore, a method capable of simultaneously detecting 
these is required. Chemiluminescence – the production of light from a chemical 
reaction – is exceedingly sensitive, robust and can be performed using simple 
instrumentation. Modifications of a potassium permanganate based 
chemiluminescence reagent allowed for the detection of antioxidants 
alpha-tocopherol, ascorbic acid, BHA, BHT and ethoxyquin simultaneously with 
LOD of 4.24 × 10-9, 1.87 × 10-7, 1.40 × 10-8, 4.30 × 10-8 and 5.44 × 10-9 M respectively, 
as determined using FIA. HPLC was also utilised for these experiments allowing for 
the modified potassium permanganate reagent to be compared to current industry 
methods.  
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Iodometric tests such as the American Oil Chemists' Society Peroxide Value 
(AOCS PV) and ferrous oxidation-xylenol orange (FOX) peroxide value are currently 
employed to determine the degree of oxidation in food. These two methods, although 
current standard methods, are unable to accurately detect low level oxidation. A study 
was undertaken to develop a simple and sensitive method capable of monitoring early 
stage lipid oxidation processes by electron paramagnetic resonance (EPR). In this 
work, the potential of EPR for monitoring changes in the concentrations of radical 
intermediates formed during this degradation process were demonstrated, and the 
effects of antioxidants that may be present in pet foods were explored. While further 
analysis is required in this field, the technique has shown potential advantages over 
currently employed methods in terms of its simplicity and sensitivity. 
Lastly modifications were made to the ferrous oxidation-xylenol orange (FOX) 
peroxide value for detecting hydroperoxides in pet food. This method is preferred over 
the American Oil Chemists' Society Peroxide Value (AOCS PV) as it is simpler, 
requires less sample and produces less waste. When compared, the FOX method 
showed strong correlation with the AOCS PV with an R2 value of 0.9552.  
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Pet food 
In 2016, Australia was found to have one of the world's highest household pet ownership 
rates at 62 % [1]. The pet ownership statistics also estimated the pet industry at 
$12.2 billion annually, an increase from the 2013 statistics of $8 billion annually, which 
was already a 25 % increase from the 4 years earlier [3]. Overall pet ownership in 
Australia has declined due to reduced bird and fish numbers [1]. Despite this, ownership 
of dogs and cats has increased; dog and cat food represents close to 90 % of all pet food 
sales. This demonstrates the importance of the pet industry in Australia especially the pet 
food sector where $4.2 billion is spent annually [1].  
These positive trends in sales in the pet food sector have recently been attributed to the 
'humanisation' of pets [2]. This is where the high standard of living within Australia is 
relayed onto the pets that are considered family members, with 2/3 of participants in the 
Australian pet ownership survey regarding their pet as part of the family [1]. Another 
indication of this is the increase in premium products, while sales have declined for 
economy and mid-priced foods. A likely factor also involved in the increased market 
growth is the increasing scientific research into the benefits of pet ownership to health [4-
6], and the long-term importance of high quality foods [7].  A greater consumer awareness 
on the importance of a balanced and nutritious diet for pets means there is a growing 
demand for products catering specifically to the lifecycle, activity levels and breed of pets 
[8]. Manufacturers need to meet this demand to increase their market share.  
There are three main types of pet food, categorised by their water content: dry, which 
contains less than 11 % water; semi-moist, which contains 25 to 35 % water; and, moist 
or canned, which contains 60 to 87 % water [9]. Using low moisture or dry foods allows 
for a more oxidatively stable product as microbial growth and chemical deterioration is 
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minimised [10].  The most common type of pet food is dry pet food, which will be the 
focus of this research. The pet food manufacturing process consists of various stages and 
sample types during production; these include ingredients being meals, digests, oils and 
the final dry pet food known as kibble (shown in Figure 1.1), which are described later in 
this chapter [11]. The pet food production process follows pathways used for human 
foods, therefore the safety hazards present through contamination and rancidity leading 
to toxic foods can be faced by both pet food and general food industries [8]. In America, 
the Food and Drug Administration (FDA) and Association of American Feed Control 
Officials (AFFCO) ensures safe nutritional ingredients are used in pet foods that also have 
nutritional purpose [12]. In Australia, it is the Pet Food Industry Association of Australia 
(PFIAA), developed to promote excellence in the industry, that maintains pet food 
standards [13]. It is also of benefit to manufacturers to produce safe and beneficial 
products in order to be profitable and for this reason they conduct self-testing of their 
products and encourage the collaboration of scientists and nutritionists [14].  
 
Figure 1.1: Common sample types involved in pet food manufacturing. 
Kibble is often produced by a process known as extrusion [15]. Basic extruder 
components include the delivery system (for feeding in the ingredients), preconditioner 
(to mix, hydrate and pre-cook ingredients), extruder barrel (for most of the extrusion 
Meal 
Kibble 
Digest 
Tallow 
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process) and knife cutters [11]. The extrusion technique combines steam, pressures of 35 
to 37 atm and temperature of 100 to 200 °C to rapidly cook a mixture of ingredients [9]. 
This mixture is then cut to the desired length and shape through the knife assembly of the 
extrusion system [11]. This product is known as wet 'kibble' and has an approximate 
moisture content of 25 % [9]. The kibble is then dried to increase the product’s shelf life 
[11]. The surface is then coated with fats and flavour in liquid or powder form to improve 
the taste and palatability of the food for animal consumption [16]. This final product is 
called a ‘diet’. Taste, aroma, texture, shape and particle size are considered for palatability 
as they can impact whether the animal accepts the diet [15]. There are alternative ways to 
produce this dry pet food which include baking, flaking, pelleting and crumbling [15]. 
Nutrient ingredient categories include protein, carbohydrate, fibre, vitamins and minerals, 
and fat which are listed in Table 1.1. Adding a combination of proteins sourced from meat 
and plants delivers a balanced amino acids profile [14]. Meat meal is rendered 
mammalian tissues, and is a concentrated source of animal protein [17]. It is added to pet 
food as a rich protein source. The rendering process is where the fat (animal fat) is drained 
away from clean flesh and skin with or without bone from a carcass [14]. The remaining 
product is dried to remove water and ground into a fine 'meal' [14]. Another product 
produced for pet food manufacturing and added as a final coating is animal digest which 
is partially digested (hydrolysed) animal protein sources, and is highly palatable [12]. For 
vitamins and minerals, there are 23 that are essential for dogs and 25 essential for cats 
[12]. The carbohydrate added is digestible and provides energy, while the fibre is for gut 
health [14]. Fat sources can come from a mixture of meal by-products, digest, vegetable 
oils, fish oils and flaxseed oil, and provide essential unsaturated fatty acids. The 
nutritional value of lipids can be affected during the extrusion process by lipid oxidation 
[18]. Antioxidants are often added to pet food to prevent essential lipids undergoing 
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oxidation [15]. These can be natural antioxidants such as tocopherols or synthetic which 
include, butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) [9]. 
Antioxidants used in pet food will be discussed later in this chapter. 
Table 1.1: A list of common ingredients added to pet food [14]. 
Ingredient 
Protein 
Carbohydrate 
Fibre 
Vitamins and minerals 
Fats and oils 
Antioxidants 
Polyunsaturated fatty acids are added to pet food for their benefits in pet health. Pet food 
packaging sometimes includes labels that mention the improved skin and coat of the 
animal achieved through polyunsaturated fatty acids consumption. A review in the area 
of dietary omega-3 and omega-6 fatty acids consumed by dogs and cats discussed the 
links between cardiovascular disease, arthritis and various neurodegenerative diseases 
[19]. High doses of the omega-3 fatty acids eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA) have been used for disease treatments, including neoplasia, 
dermatologic disease, hyperlipidaemia, cardiovascular disease, renal disease, 
gastrointestinal disease and orthopaedic diseases [19]. This publication also outlined 
potential adverse effects associated with omega-3 fatty acids including altered platelet 
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function, effects on wound healing, gastrointestinal effects, weight gain and lipid 
oxidation on dogs and cats.  
Studies focusing on human–animal interactions were reviewed by O'Haire in 2010 with 
the majority of the research demonstrating that positive effects are obtained from animal 
companionship in areas including disease, mental and physical health [20]. Another 
review on human–animal interactions which thoroughly examined a limited number of 
national surveys also agreed with the previous review regarding the positive correlation 
between pet ownership and human health [21]. Research by Wood et al. found social 
capital, the benefit people get from interacting with others, was higher amongst pet 
owners. This study looked at three US states and Perth, Australia and recognised a third 
variable (such as personality/ temperamental characteristics) may also be involved [22]. 
Specific improvements in the mental and physical health of older people due to pets have 
been reported [23]. Although there are only a small number of studies performed across 
different areas (diseases, mental disorders and behavioural disorders), most conclude the 
same thing: pet ownership has a positive effect on people's lives, whether it's in relation 
to cardiovascular disease, Alzheimer, autism, depression, schizophrenia or intellectual 
disability, to name a few examples [24-30].  The outcome of these studies further 
emphasises the need to focus more research towards the care of pets including but not 
limited to the food they consume. 
Lipids 
Lipids are non-polar biological substances and include fatty acids, triacylglycerols, 
phospholipids, fat soluble vitamins, steroids and other less common materials, with fatty 
acids being the simplest form and focus of this research [31]. Fatty acids can be saturated, 
where there are only single bonds connecting the carbon chain, or unsaturated where there 
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is one (monounsaturated) or more (polyunsaturated) carbon-carbon double bonds [31]. 
Common polyunsaturated fatty acids (PUFAs) include linoleic acid (LA) and α-linolenic 
acid (ALA) and are further classified into omega-6 and omega-3 classes respectively; this 
is based on the position of the carbon-carbon double bond closest to the methyl group 
being either 6 or 3 carbon bonds away [31]. Figure 1.2 shows the structures of linoleic 
acid (LA) and α-linolenic acid (ALA). 
 
Figure 1.2: Structures of PUFAs LA and ALA with the double bonds shown by the red 
arrows, oil soluble methyl group circled in blue and water-soluble carboxyl group circled 
in green. 
Certain PUFAs are also classed as essential fatty acids (EFA), which refers to those that 
cannot be biosynthesised by the human body but are required for optimal growth [32]. 
This classification first came to light in 1929 by George and Mildred Burr who observed 
side effects such as skin conditions, being underweight and loss of hair on rats deficient 
in fats [33]. Upon addition of the omega-6 fatty acids linoleic acid and arachidonic acid 
back into the rats' diets, the deficiency symptoms were relieved and upon restoring 
α-linolenic acid into the diet, normal growth occurred demonstrating these fatty acids 
were essential to the diet [31]. Despite being essential to life, PUFAs also have the 
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potential to cause harm as a result of oxidation [19].  This occurs through the PUFAs 
allylic hydrogens (the hydrogens adjacent to carbon double bonds present in the PUFAs), 
as they are unstable with weak bonds which readily react with oxygen [34]. This process 
can lead to formation of potentially toxic and carcinogenic by-products [19]. 
The reaction of oxygen with fatty acids is known as lipid oxidation and consists of three 
phases: Initiation, propagation and termination [35]. The process where oxygen is 
consumed over time resulting in oxidative by-products is shown in Figure 1.3, which will 
be discussed further in this chapter. 
 
Figure 1.3: Production of oxidative by-products; hydroperoxides, volatiles and 
non-volatiles, from unsaturated lipids through oxygen consumption over time. The three 
phases of lipid oxidation are included along the top, they are initiation, propagation and 
termination. Adapted from Labuza [36]. 
The energy harvested from oxygen, heat, natural radioactivity/ irradiation, enzymes, and 
metal complexes begins the initiation phase where lipid free radicals are formed [34, 37]. 
As atmospheric oxygen naturally exists in a triplet state, it cannot react directly with the 
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lipid double bond which is in a singlet state, and so a change in electron spin is required 
for reaction with oxygen to occur [35]. Studies by Rawls and Van Santen have shown 
singlet oxygen to be the primary source of the original free radical required to begin 
autoxidation. Singlet oxygen is formed through the action of light and a sensitiser, S, such 
as plant or animal pigments, as shown in Scheme 1.1 [38]. Ground state molecular oxygen 
undergoes 'activation' via the sensitizer allowing it to react with unsaturated lipids to 
produce the first lipid radical, initiating the chain reaction [38].  
1S + hν → 1S* → 3S* 
3S* + 3O2 → 1O2* + 1S        
Scheme 1.1 [38] 
This lipid radical further reacts with oxygen, leading to the formation of a reactive peroxy 
radical, shown as LnOO• in Scheme 1.2 [34]. This is known as the propagation stage. The 
peroxy radical possesses high reactivity allowing for hydrogen abstraction from adjacent 
lipid molecules producing a hydroperoxide (LnOOH) and another lipid radical to continue 
the chain reaction [39]. The oxidizability is greater for unsaturated free fatty acids 
containing a larger number of double bonds due to the double bonds lowering the 
activation energy [35]. Hydroperoxide oxidation rate can increase with increased 
temperature, oxygen pressure, light and irradiation [40]. 
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L1H → L1•        Initiation 
L1• + O2 → L1OO•       Propagation 
L1OO• + L2H → L1OOH + L2• 
Ln•   Ln•      Termination 
LnO•  + LnO•  → non-radical products 
LnOO•   LnOO•  
   LOO•  → non-radical products 
   LO•  
Scheme 1.2 [35] 
Once started the reaction is self-propagating with a rapid reaction rate as more radicals 
are produced [40]. Where valency metals are present, a lower energy is required to 
produce the lipid free radicals [34]. 
The termination phase, referring to the conversion of individual lipid alkoxyl radicals to 
non-radical products, can occur through four different mechanisms: radical 
recombination, co-oxidation of non-lipid molecules, group eliminations or dismutation, 
and α and β scission reactions of alkoxyl radicals [35]. The radicals can undergo scission 
of the C-C bond on either side of the alkoxyl group, typically resulting in the formation 
of aldehydes. Recombination of alkoxyl radicals results in volatile compounds known as 
ketones  [35]. Aldehydes and ketones are secondary lipid oxidation products responsible 
for the distinctive off-odours and off-flavours in oxidised food [35]. 
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When lipid oxidation occurs, as discussed above, the previously beneficial products can 
become harmful to the consumer. It is therefore important to be able to detect the early 
stages of lipid oxidation, to reduce or eliminate this process. Test methods used for 
detecting lipid oxidation at its various stages include simple techniques like the American 
Oil Chemists’ Society (AOCS) peroxide value (PV) and ferrous oxidation-xylenol orange 
(FOX) PV, anisidine value, luminol chemiluminescence, oxidative stability index (OSI), 
Rancimat and electron paramagnetic resonance (EPR) analysis [34]. More complex 
methods include gas chromatography (GC) and high-performance liquid chromatography 
(HPLC) instrumentation. Some of these simple approaches used in industry are described 
below. 
Peroxide value 
The AOCS PV is an official standard method used to determine hydroperoxides within a 
sample through iodometric titration [41]. This is based on the reduction of the 
hydroperoxide group with iodide, shown in Scheme 1.3, where the amount of iodine 
liberated is proportional to the concentration of peroxide present [42]. Iodine 
concentration can then be determined by titration with a standardised sodium thiosulfate 
solution [43]. Results are expressed as milli-equivalents (meq) of peroxide in a kilogram 
of extracted fat or oil [44]. A disadvantage to this technique is the possible interference 
from adsorption of iodine at unsaturation sites of fatty acids and the liberation of iodine 
from potassium iodide by oxygen [45]. Other limitations to this method include poor 
sensitivity, being destructive to the sample, time consuming and labour intensive, 
requiring toxic chemicals,  using large amounts of sample and producing large amounts 
of waste [42]. Sensitivity has been improved from approximately 0.5 meq/kg to as low as 
0.06 meq/kg by employing an electrochemical method in place of the titration step [40].  
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ROOH + 2H+ + 2KI → I2 + ROH + H2O + 2K+ 
I2 + 2Na2S2O3 → Na2S4O6 + 2NaI      
Scheme 1.3 [42] 
A second method widely employed for lipid oxidation detection is the anisidine value 
(AV) [42]. This technique determines the amount of aldehydes in a sample via the 
reaction of p-anisidine with the aldehydic compounds in acetic acid followed by 
measuring the UV absorbance [42]. p-Anisidine is a potential carcinogen, but despite this, 
it is still employed. When used in conjunction with the AOCS PV, the total oxidation 
value (TOTOX) can be obtained which is the sum of 2 PV and 1 AV [40, 46]. 
Due to the limitations of the AOCS PV, investigation into alternative methods has been 
undertaken, leading to the development of the ferrous oxidation-xylenol orange (FOX) 
peroxide value [45]. For this reaction, the hydroperoxides within the sample oxidise 
ferrous to ferric ions which form a coloured complex with xylenol orange [47]. The 
complex formed is then measured with a spectrophotometer [42]. The FOX-I and FOX-
II methods were proposed by Wolff [48]. FOX-I method has high sensitivity due to the 
addition of sorbitol in the reagent and measures water soluble hydroperoxides [48]. 
Whereas the less sensitive FOX-II method measures lipid soluble hydroperoxides and has 
the antioxidant butylated hydroxytoluene (BHT) added to avoid a chain reaction of 
hydroperoxide generation during ferrous oxidation [48]. The FOX-II method is the more 
widely employed method and as a result is now being referred to as the FOX method [49]. 
The FOX technique is more rapid, simple and requires smaller sample size compared to 
the AOCS PV [42]. Sensitivity of approximately 0.1 meq/kg of sample has been achieved 
when analysing fats, oils and food lipids [50] which is more sensitive than the standard 
AOCS PV method but not as sensitive as chemiluminescence detection [40]. A study 
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comparing the FOX-II assay and AOCS PV showed the methods to correlate well [51], 
although a study by Yildiz et al. found accuracy problems with the FOX method for PVs 
below 2.0 meq/kg [52, 53]. Poor reproducibility is another limitation to this method [45]. 
Knowledge of the hydroperoxides being formed within the sample analysed for PV 
determination and careful control of conditions are required to produce accurate 
measurements [42, 47]. 
The methods discussed for determining hydroperoxides formed during lipid oxidation are 
unable to accurately measure early stage and low level oxidation products or the presence 
of oxidative intermediates such as free radicals [42].  These limitations may be addressed 
through alternative methods such as EPR and chemiluminescence. EPR is a technique 
used to detect and characterise unpaired electrons, this approach will be discussed in more 
detail later in this chapter. 
Rancimat and Oxidative Stability Instrument (OSI) 
Originally the active oxygen method (AOM) was used to determine the oxidative stability 
of oils and fats. This approach used aeration and elevated temperatures to accelerate 
rancidity of a sample whilst measuring the change in peroxide value over time [40]. As 
this approach was time-consuming, expensive and measured unstable peroxides, the 
Metrohm Rancimat and the Omnion Oxidative Stability Instrument (OSI) methods were 
developed [40, 54]. Similar to OAM, the Rancimat and OSI procedures accelerate 
oxidation and monitor change over time, however, it is the production of volatile acids in 
water that is monitored by electro-conductivity [55]. Initially a slow change is observed, 
known as the Induction Period (IP) and then a rapid increase in the production of volatile 
acids occurs, resulting in an increase in conductivity and this indicates the end point. Both 
approaches use small sample sizes, do not require organic solvents and continuously 
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acquire the data through the instrument software [56]. The AOCS produced a 
standardised method, often employed by industry, where samples are monitored at an 
air-flow rate of 9 litres per hour and high temperature of 110 ºC [55]. This high 
temperature may be problematic as the oxidation reactions produced at this temperature 
may not occur at lower temperatures [57]. Another disadvantage to these approaches is 
overestimated stability as they do not detect the earlier products formed in lipid 
oxidation [58].  
Chemiluminescence 
Chemiluminescence, which is the production of light from a chemical reaction, is 
exceedingly sensitive and robust, and can be performed using simple instrumentation 
[59]. It usually involves a redox reaction, and commonly occurs at wavelengths between 
the near ultra violet (UV) to near infrared (IR) [60]. Chemiluminescence can be classified 
as either direct or indirect [60]. The mechanism for direct chemiluminescence is 
demonstrated below in Scheme 1.4, and involves the reactants (A and B) producing a 
product or intermediate in an electronically excited state (C*) and upon return to ground 
state a photon is ejected [60]. 
A + B → C* + D 
C* → C + hυ         
Scheme 1.4 [60] 
Indirect follows the same Scheme as above, except for C* which transfers its energy to 
an appropriate fluorophore for emission as shown in Scheme 1.5. 
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C* + fluorophore → [fluorophore]* + products 
[fluorophore]* → fluorophore + hυ      
Scheme 1.5 [60] 
This inexpensive and robust method gives improved signal to noise and signal to 
background ratios due to the absence of an excitation source. It is selective due to the 
limited number of chemical reactions that produce significant amounts of light and has 
the potential for low detection limits and wide linear calibration ranges [60]. The light 
generated is detected using a suitable photomultiplier tube (PMT) with the reaction 
occurring within a flow cell situated directly in front of the PMT window [61]. 
Previous applications have employed the luminol reagent for chemiluminescence 
detection of lipid oxidation products [62, 63]. Luminol, 5-amino-2,3-dihydro-1,4-
phthalazinedione, is the most commonly employed chemiluminescence reagent for liquid 
phase reactions [61]. This reagent was first reported in 1928 by Albrecht [64, 65]. The 
emitting species, confirmed to be 3-aminophthalate, emits at approximately 425 nm [66]. 
Applications have included the evaluation of the peroxide value in oils and antioxidant 
activity [62]. A review into lipid oxidation analysis was undertaken in 2000 by Wheatley 
[41], which involved a detailed summary of literature from the last 4 years. Luminol 
chemiluminescence was included. This reagent demonstrated greater sensitivity, 
compared to other lipid oxidation detection methods, with limits of detection obtained at 
the picomole (pmol) level. Luminol is a slower chemiluminescence reaction when 
compared to reagents such as manganese(IV) and potassium permanganate [61, 67]. 
These latter two reagents have not been used for detection of lipid oxidation but have 
been used for antioxidant analysis. Antioxidants are often added to food products to 
prevent and reduce lipid oxidation. 
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Antioxidants 
The shelf life of food can be extended by the addition of antioxidants which are reducing 
substances that react with oxygen and other oxidants, inhibiting the progress of lipid 
oxidation [40]. Antioxidants used in foods should have low toxicity. These food additives 
can be classified as natural, meaning they are extracted from a vegetal source or produced 
by microorganisms using substrates of vegetal origin; or they can be synthetic, coming 
from the mineral oil industry or other mineral sources [68]. Recent focus on the 
toxicological effects from synthetic antioxidant consumption has resulted in greater 
demand for natural antioxidants within food products to prevent lipid oxidation [69, 70]. 
This is despite studies showing synthetic antioxidants can be better for product stability 
compared to natural antioxidants [71]; regardless the trend by consumers is for natural 
antioxidants in products. 
Detection 
There are many methods employed for antioxidant detection including rapid, simple 
methods that determine antioxidant activity, using UV absorption spectroscopy and EPR 
instrumentation, and more complex techniques performed on GC and HPLC to determine 
antioxidant concentrations within sample matrices. Various methods for the detection of 
antioxidants are employed by manufacturers to determine how much antioxidant 
treatment is remaining and therefore how much has reacted, as an alternative to detecting 
intermediates formed from the lipid oxidation process [72]. Techniques employed for 
antioxidant detection include assessment of the antioxidant capacity through radicals such 
as 2,2-diphenyl-1-picrylhydrazyl (DPPH) [73, 74] and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) [75], which react directly with 
antioxidants resulting in a change in absorbance that can be quantified through UV-visible 
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spectroscopy, EPR [74, 76] or chemiluminescence [77, 78] systems including the 
quenching effect of luminol [79] and reaction with the enhanced potassium permanganate 
reagent [80].  
Radical scavenging techniques 
Radical scavenging is a simple and rapid test where the change in the concentration of 
radicals caused by antioxidants is measured. This is often completed by UV spectroscopy 
with stable radicals such as ABTS and DPPH [70]. The method has also been employed 
on EPR, as EPR can detect the change in radical concentration [81]. For example, the 
radical’s DPPH and 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) were used 
to measure antioxidant activity of tea catechins [82, 83]. Antioxidant activity has also 
been measured after separation by HPLC, using post-column mixing with DPPH or 
ABTS and then UV-visible detection [84, 85]. A HPLC method for detection of 
antioxidants with DPPH employed a parallel segmented flow column rather than a 
reaction coil to complete the post-column mixing [73]. The DPPH radical scavenging 
method was used as a comparative method for investigating potassium permanganate 
chemiluminescence for detecting total antioxidant capacity in tea samples [80]. Results 
demonstrated potassium permanganate chemiluminescence, performed on FIA and 
HPLC, is a rapid and precise method that correlates well when compared to DPPH 
antioxidant activity.  
Chemiluminescence detection of antioxidants 
The chemiluminescence reagents manganese(IV) and enhanced potassium permanganate 
have been applied to the analysis of antioxidants within samples including multiplexed 
detection [86, 87]. For this reason, these two reagents are introduced below. 
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Acidic potassium permanganate 
In 1917 Harvey observed the emission of light from the reaction of acidic potassium 
permanganate with pyrogallol [88]. Analytical application arose in 1975 when Stauff and 
Jaeschke developed a method to determine sulphur dioxide with this reagent [89]. In 1977 
Lebedev and Tsibanova claimed the emitting species to be an excited triplet state of 
manganese(II) [90], which was confirmed by later research using acidic potassium 
permanganate and sodium borohydride [91]. The red emission occurs at 734 ± 5 nm, 
while addition of polyphosphate shifts this signal to 689 ± 5 nm which is more sensitive 
for conventional photomultiplier tubes [92]. This shift from polyphosphates is due to the 
prevention of insoluble manganese(IV) oxides and protective cage-like structures that 
prevent nonradiative relaxation pathways [93]. Permanganate chemiluminescence has 
been commonly employed post-separation, following liquid chromatography or capillary 
electrophoresis. Phenolic and/or amine moiety molecules can be sensitively detected 
upon reaction with this reagent [88]. Potassium permanganate has been used for the 
detection of antioxidants [80, 94] and biogenic amines [95]. Total phenolic antioxidant 
levels in wine were monitored by flow injection analysis (FIA) using the fast 
chemiluminescence reaction from acidic potassium permanganate which produced 
similar or improved limits of detection to previously reported methods including luminol 
chemiluminescence, UV absorption, fluorescence and coulometric detection [86]. 
Correlation was shown between acidic potassium permanganate chemiluminescence and 
DPPH antioxidant activity, with gallic acid and rutin the only phenolic compounds 
showing inconsistency between the two approaches [86]. 
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Manganese(IV) 
Manganese dioxide is most commonly encountered as a dark grey or black solid which 
occurs in nature as mineral pyrolusite [96]. Due to its insolubility, analytical applications 
were limited up until 1984 when Jaky et al. demonstrated that permanganate could be 
reduced to a reasonably stable and soluble form of manganese dioxide [97]. This was 
achieved by addition of excess sodium formate to a permanganate solution, with the 
precipitate obtained then prepared in an ortho-phosphoric acid solution [98]. This method 
was time consuming due to the 30-minute sonication and being left overnight for 
suspension. An alternate method developed in 1989 by Perez-Benito et al. allowed for 
direct preparation of colloidal manganese(IV) using sodium thiosulfate [99]. The first 
application of a solution phase manganese(IV) reagent for chemiluminescence detection 
was not until 2001 by Barnett et al. [100] using a modified version from Jaky et. al. [97] 
to prepare the reagent. This demonstrated light emission at 734 ± 5 nm, the same emission 
maxima as potassium permanganate, giving further evidence to an excited manganese(II) 
emitting species. Barnett and co-workers have employed the modified technique Jaky et. 
al. demonstrated, for several analytes [100].  Preparation of colloidal manganese(IV) 
often occurs in a 3 M ortho-phosphoric acid solution, as despite obtaining greater signals 
from an increased acid concentration, the viscosity is negatively altered and an increase 
in blank signal obtained [96]. Formaldehyde is commonly employed for enhancement of 
the emission signal, although it has been shown to react slowly with the reagent giving a 
blank or background signal and as it is a known carcinogen, its use is discouraged [101]. 
Various alternatives to the formaldehyde enhancer have been explored [96] however it 
was not until recently that a suitable replacement was found in ethanol [101]. The 
manganese(IV) reagent has been applied to the analysis of a limited number antioxidants 
[86, 87]. 
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Biogenic amines 
Another reaction where beneficial ingredients within food instead becomes harmful to 
the consumer is through the decarboxylation of amino acids [53]. Amino acids are added 
to pet food naturally through the inclusion of meat products, and are required for a 
balanced diet in animals [14]. The production of biogenic amines, which are nitrogenous 
compounds, in foodstuff is a result of incorrect storage and handling during the 
production process which results in microorganisms contaminating the food [102]. 
Freezing and refrigeration is currently used to prevent the development of biogenic 
amines [103]. Spermine and spermidine are two biogenic amines found to occur in fresh 
meat at constant levels [104]. The biogenic amines predominately found in meat and meat 
products include tyramine, cadaverine, putrescine and histamine [105, 106]. These are 
also the most common biogenic amines associated with spoilage in seafood [107]. The 
precursors for the most important biogenic amines found in foods are shown in Table 1.2 
[108, 109]. 
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Table 1.2: Amino acid precursors for important biogenic amines found in food products. 
Amino acid (precursor) Biogenic amine 
Arginine Putrescine, Spermine, Spermidine 
Histidine Histamine 
Lysine Cadaverine 
Ornithine Spermine, Spermidine 
Tryptophan Tryptamine 
Tyrosine Tyramine 
Phenylalanine 2-Phenylethylamine 
 
The structures of biogenic amines are diverse and can be aliphatic diamine (putrescine 
and cadaverine), aliphatic polyamine (spermine and spermidine), aromatic monoamine 
(tyramine and phenylethylamine) and heterocyclic monoamine (histamine and 
tryptamine) [110]. The chemical structures are shown in Figure 1.4. 
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Figure 1.4: Chemical structures of biogenic amines. 
Biogenic amines can occur in various foods including fish products, cheese, meat 
products, wine and beer [111]. Used as an indicator of food spoilage, biogenic amines do 
have limits in human foods including fish products and wine which vary among countries 
[112]. However, despite known problems occurring from animal intake [113], no limits 
are in place for pet food products. Meat and fish products are added to pet food which 
means pet food samples have the potential to contain these non-volatile compounds. A 
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study by Privitera et al. demonstrated that the biogenic amines histamine and tryptamine 
can affect dogs [114]. These two biogenic amines were injected into adult dogs and 
puppies with results suggesting both tryptamine and histamine have cardiovascular 
effects while the latter can also cause a depressor response [114]. Meat poisoning is less 
likely than fish poisoning, as the amino acid precursor of toxic histamine is at lower levels 
within meat compared to fish products [106]. Despite this, there is the potential for meat 
products to develop carcinogenic nitrosamines from biogenic amines present [106].  
Toxicology 
Histamine has been associated with scombrotic poisoning when at high levels [111]. It 
results in allergy like symptoms when consumed in larger amounts. This biogenic amine 
is the only one controlled in food products. The European Food Safety Authority reported 
histamine could be present in healthy individuals at 50 mg/kg, however the histamine 
level should be below detectable limits for those with intolerance to the biogenic amine 
[102]. Healthy individuals could consume up to 600 mg of tyramine without adverse 
effect. While histamine is the most toxic, it is important to have methods capable of 
detecting other biogenic amines, as studies have demonstrated the potential harm from 
their consumption [115]. Tyramine has been associated with hypertension and headaches 
and may be a potentiating factor of histamine poisoning [53, 116]. Lawley et. al. found 
scombrotic poisoning can occur even when histamine is at low levels. In the study, 
putrescine and cadaverine were believed to be indirectly involved due to being present in 
high amounts [53]. Putrescine and cadaverine have been shown to be toxic to rats and are 
thought to potentiate histamine and tyramine toxicity [117, 118]. These two aliphatic 
biogenic amines may also produce carcinogenic compounds upon reaction with nitrate 
[53]. Spermine and spermidine are possible precursors of carcinogenic nitrosamines [109] 
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and tryptamine inhibits enzymes that can detoxify the process leading to histamine 
poisoning [116]. It is therefore important to detect the above mentioned biogenic amines, 
especially in pet food, which is rich in amino acids and can be stored for long periods, 
and because the industry is self-regulated. 
Detection 
Biogenic amines are detected in food due to their potential toxicity and as markers for 
food spoilage. Analytical techniques for detection of biogenic amines include GC, 
capillary electrophoresis, TLC, HPLC and enzymatic methods [119]. UV detectors are 
commonly used for LC derivatisation however there are numerous compounds that 
display only weak UV absorption [120]. Due to the structural similarities and lack of 
chromophore, derivatisation is often undertaken for biogenic amine analysis. By utilising 
derivatisation, the signal can be improved for detection. This improvement in sensitivity 
is the main reason for employing derivatisation, although separation may also be 
enhanced when undertaking the derivatisation reaction prior to sample analysis [121].  
An accurate and sensitive GC method requiring derivatisation with heptafluorobutyric 
anhydride allowed for simultaneously determination of putrescine, cadaverine, 
spermidine, spermine, beta-phenylethylamine and tyramine in Port wines [122]. The most 
important biogenic amine, histamine, was not included in this method. Hwang et al. 
determined only histamine in fish and fish products using a rapid GC technique that did 
not require derivatisation [123]. A sufficiently sensitive, fast and low cost capillary zone 
electrophoresis (CZE) method clearly separated six biogenic amines; cadaverine, 
putrescine, agmatine, histamine, tryptamine and tyramine [124]. The use of GC or 
capillary electrophoresis (CE) instrumentation is not common for biogenic amine analysis 
in food [125].  
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Previous methods using TLC for determining biogenic amines were time consuming and 
semi-quantitative until Shalaby developed a simple, valid and rapid 
TLC-densitometry method, this however used the toxic chemical benzene [126]. 
Lapa-Guimarães et al. investigated various solvents for separating biogenic amines by 
TLC, and found that more biogenic amines could be separated using a less harmful 
solvent, diethyl ether, instead of benzene [127]. Regardless, TLC is more 
labour-intensive, less efficient at separation and may not have a consistent mobile phase 
flow each time compared to HPLC [128].  
In most instances, biogenic amines have been detected using RP-HPLC with 
derivatisation due to its suitability for simultaneous and sensitive quantification [102]. By 
undergoing derivatisation, the biogenic amines are more polar and easier to separate by 
RP-HPLC [105]. For this reason, it is also better to do pre-column derivatisation. HPLC 
is widely used in routine laboratories, therefore a method performed with this 
instrumentation can be adopted by industry without the need for expensive equipment or 
additional training. There is also the potential to derivatise and detect all biogenic amines 
of interest in pet food samples using HPLC which will be discussed later in this chapter.  
HPLC Derivatisation 
The two classes of LC derivatisation are pre-column and post-column, where the former 
refers to undertaking the chemical modification prior to sample separation and the latter 
is where the derivatisation reagent is combined with the column eluate after the separation 
[120]. Pre-column derivatisation is advantageous as the reaction rate is not an issue 
compared with post-column reaction, where a slower reaction can lead to dead volume 
[120]. This refers to the volume between injection and detection, excluding the stationary 
phase volume, where diffusion can occur [129]. Another advantage of pre-column 
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derivatisation is that the excess reagent can be eliminated prior to detection, although 
multiple derivatives (and therefore peaks) may be produced for just the one compound 
[120]. Post-column derivatisation has the potential for interference from the derivatisation 
reagent, however multiple detectors may be employed to overcome this [120, 130]. 
Reversed phase high performance liquid chromatography (RP-HPLC) is the most 
common method employed for biogenic amine detection due to the high resolution, 
sensitivity and versatility achieved [131]. Various derivatisation reagents have been 
successfully applied to the HPLC analysis of biogenic amines including dansyl chloride 
[132, 133], o-phthaldialdehyde (OPA) [134] and benzoyl chloride [135].  
One of the most common derivatisation agents currently used for biogenic amines is 
dansyl chloride [105]. This produces stable derivatives, but generally requires manual 
sample preparation before separation and analysis on HPLC [136]. Dansyl chloride 
derivatisation is often time consuming due to the wait time for the reaction to proceed, 
the wash steps and filtering prior to analysis. The optimum conditions vary greatly 
between publications with the reaction conditions varying from 35-65 °C for 25 - 120 
minutes [137]. Vinci et al. analysed red and white meat with dansyl chloride 
derivatisation after only 15 minutes reaction time at room temperature [138]. Innocente 
et al. found poor repeatability with reduced temperatures as different degrees of 
dansylation occur with replicate tests [139]. A limited number of methods have been 
published that use automated derivatisation with dansyl chloride especially regarding 
biogenic amine detection [140, 141]. The derivatisation conditions for detecting biogenic 
amines generally requires heat rather than room temperature reactions achieved for other 
analytes. Also, the use of acetone for preparing the reagent solutions and/or the diethyl 
ether extraction step, requires nitrogen to evaporate the solvent prior to analysis [139, 
142, 143]. Recent manual methods employing dansyl chloride have not included a diethyl 
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ether washing and nitrogen evaporation step, but instead filter the sample prior to HPLC 
injection [144, 145].  
Another common reagent that can be used for pre-column and post-column derivatisation 
of biogenic amines is OPA. This derivatisation reagent is generally combined with 
mercaptoethanol (MCE) or N-acetyl-L-cysteine (NAC) to improve sensitivity and 
stability [146]. The reaction can be completed rapidly at room temperature without the 
need for sample clean up [147]. Automated sample preparation has been developed for 
biogenic amine derivatisation using OPA [148, 149]. This is particularly beneficial due 
to the unstable derivatives as it allows derivatisation and separation to be completed 
quickly [110]. Advantages of method automation also include reduced waste, less labour 
intensive, less variation and avoids potential sample loss from transfer.  
Benzoyl chloride is a derivatisation reagent like dansyl chloride and often requires a 
lengthy manual procedure which includes nitrogen drying. An article employing the 
benzoyl chloride reagent investigated 2-undecanol and butanol as alternatives solvents to 
diethyl ether for sample clean up [131]. These two solvents can be directly injected onto 
HPLC without potentially damaging the column lifetime. This reduces time waiting for 
solvent evaporation and means additional solvent is not required for redissolving the 
sample.  
Detection of biogenic amines has been completed in a wide variety of samples including 
wine, beer, honey, fish and meat products, cheese and even pet food [105, 125, 149, 150]. 
Depending on the method used, HPLC can have disadvantages in selectivity and 
sensitivity which can be problematic for industry use where a simple and sensitive method 
capable of detecting certain compounds is required [151]. Because of this, many methods 
for the derivatisation of biogenic amines within various food products have been 
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developed over the years and continue to be developed in the field of biogenic amine 
analysis to further improve upon current methods. Derivatisation reagents employed for 
the detection of biogenic amines on HPLC are listed in Table 1.3 along with their 
advantages and disadvantages. 
Biogenic amines in pet food have been previously analysed through an automated 
2-naphthyloxycarbonyl chloride (NOC-Cl) derivatisation process within this research 
group, however this reagent is not easily accessible which can be problematic for industry 
use [150]. An in-house dansyl chloride method has also been applied to pet food samples 
extracted in 10 % trichloroacetic acid (TCA), however like many dansyl chloride methods 
available it is laborious and time consuming. Ingredients included in pet food 
manufacturing such as poultry by-product meal, feather meal and fish meal have been 
analysed using OPA which is a method also able to be automated [152]. 
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Table 1.3: Advantages and disadvantages of common derivatisation reagents employed for the detection of biogenic amines in various sample types. 
Derivatisation reagent Samples analysed Advantage Disadvantage Reference 
dansyl chloride (Dns-Cl) Wine, meat, cheese, beer Stable derivatives 
Time consuming manual 
derivatisation procedure 
[138, 139, 144, 
145, 153-155] 
o-phthalaldehyde (OPA) 
Wine, squid, prawn, 
feedstuff, fruit and honey 
Rapid automated 
procedure 
Unstable derivatives 
[148, 149, 152, 
156, 157] 
2-naphthyloxycarbonyl chloride (NOC-
Cl) 
Pet food, fruit juices, wine, 
vinegar, fermented cabbage 
juice and salmon 
Automated 
Reagent not easily 
accessible 
[150] 
benzoyl chloride Non-alcoholic beer 
Simple procedure with 
potential to automate 
Time consuming process [131] 
naphthalene-2,3-dicarboxaldehyde Milk Automated derivatisation 
Requires harmful and 
costly chemical -cyanide 
[158] 
1,3,5,7-tetramethyl-8-(N-
hydroxysuccinimidyl butyric ester)-
difluoroboradiaza-s-indacene 
Milk, yoghurt, lake water Rapid 
Reagent not 
commercially available 
requiring synthesis 
[159] 
2-(9-carbazole)ethyl chloroformate 
(CEOC) 
Shrimp sauce 
Rapid derivatisation at RT 
producing stable 
derivatives 
Reagent not 
commercially available 
requiring synthesis 
[160] 
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Derivatisation reagent Samples analysed Advantage Disadvantage Reference 
diethyl ethoxymethylenemalonate 
(DEEM) 
Wine and beer 
Simple procedure, excess 
derivative completely 
degraded 
Time consuming process 
(30 minute sonication, 1 
hour heating) 
[161, 162] 
N-(9-
fluorenylmethoxycarbonyloxy)succini
mide (Fmoc-OSU) 
Beer, wine and cell culture 
Simple, manual RT 
derivatisation procedure 
Only looked at detecting 
biogenic amines 
putrescine, cadaverine, 
spermine and 
spermidine 
[163] 
9-fluorenylmethyloxycarbonyl 
chloride (Fmoc-Cl) 
Human body fluids 
Simple, fast (10 minutes 
reaction time at 40°C) 
manual derivatisation 
procedure 
Only looked at detecting 
biogenic amines 
putrescine, cadaverine, 
spermine and 
spermidine 
[164] 
dabsyl chloride Wine 
Simple procedure, stable 
derivatives, has been 
automated 
Excess dabsyl chloride 
reagent sticks to column 
reducing lifetime 
[165-167] 
1-fluoro-2-nitro-4-(trifluoromethyl) 
benzene (FNBT) 
Wine Completed at RT 
Time consuming (2 hour 
stirring, evaporation) 
[168] 
4-chloro-3,5-dinitrobenzotrifluoride 
(CNBF) 
Wine Sensitive and selective 
Time consuming (2 hour 
stirring, evaporation) 
[169] 
3,5-dinitrobenzoyl chloride (DNBZ-Cl) 
Cabbage juices, soy sauce, 
fermented fish sauce and 
anchovy paste 
Rapid, simple derivatisation 
procedure 
HPLC coupled with 
ionization mass 
spectrometry 
[170, 171] 
31 
 
Instrumentation 
Routine procedures for the analysis of lipid oxidation in food products are required to be 
simple, reliable, and sensitive for manufacturers. However, due to sample complexity, no 
single test is useful for all stages of lipid oxidation [42]. The spoilage to pet food and 
more importantly harmful effects to the animals caused by lipid oxidation and biogenic 
amines make detection important in the food industry. Simple colorimetric tests such as 
peroxide value and anisidine value are currently employed by many companies to 
determine the degree of oxidation in food. In this research, alternative approaches will be 
investigated including chemiluminescence detection by FIA and HPLC, and EPR analysis 
for their potential to simplify analysis whilst gaining further insight into the degradation 
processes. 
FIA 
The earliest report of flow injection analysis (FIA) was in 1975 by Ṙuzicka and Hansen 
[172-174]. A basic FIA manifold for chemiluminescence analysis involves the sample 
being injected, using a low pressure rotary valve with reproducible insertion, into a 
continuous flowing stream often propelled by a peristaltic pump [173]. The solution is 
transported through tubing which merges with the reagent stream, where mixing of the 
sample and reagent occurs producing the chemiluminescence reaction which needs to 
take place directly prior to detection in order to be detected for fast chemiluminescence 
reactions [173]. Rule and Seitz described the use of a coiled tubing flow cell to mix the 
sample and reagent so that the most intense chemiluminescence emission occurred in 
front of the PMT [175]. Other flow cell designs have since been examined including spiral 
and serpentine in alternative materials to improve detection [176, 177]. The advantages 
of FIA for chemiluminescence detection include its simplicity, low cost and speed; 
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however, this technique does not separate the target analyte from its sample matrix which 
can be problematic for complex samples as interference can arise [173]. 
Stopped flow analysis is a modification of FIA where an electronic timer or 
microcomputer is used to halt the flow when the injection plug reaches the detection zone 
[178]. This way the development of the reaction between the sample analyte and reagent 
can be monitored and reaction rate measured [178]. As the forward movement of the 
carrier stream is stopped, there are fewer reagents consumed from this simple-to-construct 
method that has high reproducibility [174]. Perhaps more importantly, this approach 
enables the majority or all of the chemiluminescence-versus-time profile to be collected, 
providing insight into the kinetics of the light-producing reaction [174]. 
HPLC 
HPLC is a technique implemented for the high resolution separation of components in a 
sample, employing elevated pressure to force the solvent through a column containing 
fine particles [179, 180]. The column particles are packed to ensure the solute does not 
diffuse very far to meet with this stationary phase, while the mobile phase is the solvent, 
containing the dissolved substance, passing through the column [179]. Liquid 
chromatography came about in 1903 when Tswett presented what is now referred to as 
normal phase (NP) chromatography [181]. High performance liquid chromatography 
(HPLC) was first published in 1967 by Horváth and co-workers, who reported the 
separation of nucleotides [181] and in that same year Huber and his group’s work on 
liquid-liquid chromatography with small particles was also published [181]. NP-HPLC 
uses a polar stationary phase and non-polar mobile phase [129]. Developed later than 
NP-HPLC was reversed phase (RP) HPLC, where the stationary phase is non-polar and 
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the solvent is comparatively polar (the mobile phase is usually water with an organic 
modifier that is more like the stationary phase thus increasing eluent strength) [180].  
HPLC requires a delivery system or pump to feed the mobile phase at a constant flow 
rate, injection system set up prior to the column to introduce the sample into the mobile 
phase solvent, the column to separate out the sample matrix and detector to monitor the 
signal [129]. There are many detectors used for HPLC including spectrophotometric, 
evaporative light-scattering, electrochemical and refractive index detectors. As most 
analytes absorb ultraviolet light, an ultraviolet detector is most often used for HPLC 
detection [67]. For analytes that fluorescence, a sensitive, selective fluorescence detector 
can be used [67].   
EPR 
Electron paramagnetic resonance (EPR) spectroscopy, also referred to as ESR (electron 
spin resonance) and EMR (electron magnetic resonance), is a technique employed for the 
detection and characterisation of species containing unpaired electrons, including free 
radicals [182]. This is achieved by the interaction of a species containing one or more 
unpaired electrons (and thus having a magnetic property) with an external magnetic field, 
B0. This interaction is known as the Zeeman effect [183]. Despite the Zeeman effect being 
known for many years in optical spectroscopy, the first signal detected with EPR was not 
until 1945 by Zavoisky after improvements in instrumentation [184].  
A single unpaired electron has two allowed energy states; in a magnetic field, the lower 
energy state will be where the magnetic moment of the electron, µ, runs parallel to the 
external field (where the spin quantum number, ms = -1/2) and the higher energy state 
will have an anti-parallel orientation with respect to the magnetic field (ms = +1/2) [185]. 
Absorption is demonstrated in Figure 1.5; this occurs when the energy gap between the 
34 
 
two states matches the applied microwave frequency. The most common form of EPR is 
continuous wave (CW), where fixed frequency microwaves continuously irradiate a 
sample and the applied magnetic field varies (it is swept). Absorption will only occur at 
a specific magnetic field strength, where ∆E = hν [186]. E refers to energy, h is Planck’s 
constant and ν is the frequency [67].  
 
Figure 1.5: Absorption occurs at the magnetic field where the two spin states separating 
out have an energy difference equal to hν (the energy required for transition between the 
states). Diagram reproduced from Eaton et al. [185] 
An advantage to this technique is that it only provides information on radicals and metal 
ions with unpaired electrons [187]. Without these species, a signal cannot be obtained 
which increases specificity of the technique and means the background signal is reduced 
[187]. The spectra can be obtained by having fixed frequency between 9-10 GHz and 
varied magnetic field, as shown in Figure 1.5, or in reverse, which is not as commonly 
practised [185]. Other interactions, such as those between the nuclei (as detected by 
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NMR) which are independent of the field can alter the spectrum when changing the 
microwave frequency [182].  
Valuable data regarding the radical species can be provided by the g-factor [187], the 
formula for this is shown in Scheme 1.6.  
g = hν/Hβ          
Scheme 1.6 
The g-factor can be used to characterise signals and is specific to the molecule under 
study, with the "free electron value" equal to 2.0023 [182]. A change in atoms 
surrounding the radical can lead to a slight adjustment in this value [187].  
The formula shown in Scheme 1.7, is another useful tool for interpreting EPR spectra, it 
is based on the number of lines produced from the hyperfine couplings. Where n refers to 
the number of nuclei and I is the nuclear spin. 
Number of lines = 2nI + 1        
Scheme 1.7 
A typical EPR spectrometer includes a microwave source, sample cavity (where the 
sample is placed), a magnet and power supply, and the modulation and detector [188]. 
The microwave bridge contains the microwave source, which may be a Klystron or Gunn 
diode for newer models, and a detector [182].  
Spin trapping 
As radicals can be very unstable, a method of stabilising them for EPR measurement was 
developed in the 1960s [187]. The method uses spin traps. These are derivatising 
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compounds that convert short lived free radicals into relatively stable radicals known as 
spin adducts. The nitroso and nitrone compounds are most commonly employed with the 
latter more common [189, 190]. However the g-factor is more complex when employing 
the mentioned spin traps in EPR [187]. EPR studies for detecting and identifying radicals 
of lipid oxidation was reviewed by Davies in 1987, at this time EPR had played a minor 
role in lipid oxidation and the developments and use of spin traps was taking place [190]. 
In 2000 when EPR was a new technique for food science, Thomsen et al. [191] looked 
into developing a rapid test for analysing oxidation in food lipids including those found 
in mayonnaise, rapeseed oil and dairy spread. This technique can allow for the analysis 
of free radicals involved in the lipid oxidation process and antioxidant activity making it 
a useful tool for pet food analysis which will be discussed in a later chapter.  
Project plans 
In this PhD research project, biogenic amine derivatisation on HPLC will be investigated 
to improve current methods allowing for a fast simple, sensitive method automated again 
for potential industry use. Dansyl chloride and OPA were investigated for this purpose.  
In addition, current antioxidant detection methods will be investigated and new methods 
developed to improve the detection of antioxidants within pet food samples. A range of 
enzymatically synthesised products were analysed for their ability to act as natural 
antioxidants. An antioxidant detection system was also developed to detect antioxidants 
found in pet food using the one HPLC separation to reduce waste and save time.   
Electron paramagnetic resonance (EPR) spectroscopy will be used to detect and 
quantitate the radical intermediates formed during the lipid oxidation process. The aim is 
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to produce a simple reliable method that can be used within industry for analysing 
common pet food sample types including meal, kibble, oil and tallow.  
Lastly an alternative technique to the common AOCS PV method will be explored for 
potential validation. 
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CHAPTER TWO: IMPROVING BIOGENIC AMINE DERIVATISATION FOR 
AUTOMATED DETECTION IN PET FOOD 
 
1. Introduction 
2. Experimental 
3. Results and Discussion 
4. Conclusions 
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Introduction 
Biogenic amines are nitrogenous compounds and are used as an indicator of food 
spoilage. Fish and meat products, including those used in pet food, contain amino acids. 
It is these compounds that undergo microbial decarboxylation to form biogenic amines 
because of poor storage and handling [53, 192]. Biogenic amines can be toxic, which 
makes their detection more important. Common biogenic amines in food include 
cadaverine, histamine, putrescine, β-phenylethylamine, spermine, spermidine, tryptamine 
and tyramine [108]. Their structures can be aliphatic diamine, aliphatic polyamine, 
aromatic monoamine and heterocyclic monoamine [110]. The biogenic amines under 
investigation for this work are cadaverine, histamine, putrescine, spermine, spermidine, 
tryptamine and tyramine. They were chosen because of the potential toxicity associated 
with them and due to being common in fish and meat products. 
There are a number of methods for the detection of biogenic amines, including TLC, 
HPLC, GC, capillary electrophoresis and enzymatic methods [119].  When RP-HPLC is 
used to detect biogenic amines, the amines are derivatised with a chromophore to aid 
detection [151]. Two commonly used derivatising agents for this are dansyl chloride 
(Dns-Cl) and o-phthalaldehyde (OPA) [105]. The former produces stable products, 
however this method has many variations all of which are typically time consuming and 
often require manual completion [137]. OPA derivatisation on the other hand has been 
rapidly automated online [148, 149]. This is particularly beneficial as the derivatives are 
unstable, and it allows derivatisation and separation to be completed quickly [110]. The 
OPA reagent is not specific for biogenic amines and also reacts with amino acids [193]. 
This can be problematic because samples where biogenic amines are being detected often 
also contain precursor amino acids which have the potential to interfere in the analysis. 
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Although less commonly used, 2-naphthyloxycarbonyl chloride (NOC-Cl) is another 
derivatising reagent that has been used with automated derivatisation and has been shown 
to detect biogenic amines within pet food [150, 194]. 
The mechanism for Dns-Cl derivatisation is shown in Figure 2.1. The amine reacts with 
the sulfonyl chloride group, on the dansyl chloride, losing the chlorine atom and forming 
a stable sulphonamide adduct [195]. The chlorine atom accepts H+ from the amine. This 
reaction occurs under basic conditions. 
 
Figure 2.1: Derivatisation process of biogenic amines with dansyl chloride. 
 The Dns-Cl reagent conditions varied for detecting biogenic amines. Typically, the 
methods include a solvent extraction step, followed by evaporation of the diethyl ether 
extraction solvent under nitrogen [139, 142, 143, 196]. This results in longer analysis 
times, as the sample cannot be directly injected after the derivatisation reaction is 
complete. There are however published Dns-Cl methods that do not include a diethyl 
ether wash [138, 153, 197]. Detection of Dns-Cl derivatives can be achieved with either 
UV at 254 nm or fluorescence detection with excitation at 330 nm and emission at 440 
nm [151]. Dns-Cl works on secondary and primary amino compounds under weakly 
alkaline conditions, with ideal reaction times depending on the type of amine. Dns-Cl can 
also react with phenolic hydroxyl moieties; as the amino acid tyrosine and related 
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biogenic amine tyramine both contain this moiety they can form multiple fluorescence 
derivatives when reacted with Dns-Cl [151]. Automated pre-column derivatization with 
Dns-Cl for the determination of amphetamines has been combined with post-column 
chemiluminescence detection [140]. In this work, good percentage recoveries were 
achieved for urine samples however the method required additional equipment and was 
completed at room temperature. Cobo and Silva described a continuous flow system for 
Dns-Cl derivatisation prior to HPLC detection of biogenic amines putrescine, cadaverine, 
spermine and spermidine in olive [137]. The mixture could be heated for derivatisation 
although larger sample volume is required. Detecting biogenic amines often requires 
heating for the reaction proceed making automated methods for this sample type more 
complicated.  
The reaction of OPA with an amine is shown in Figure 2.2. The OPA reagent does not 
fluoresce itself and requires the addition of an active thiol compound, usually the 
hazardous 2-mercaptoethanol (MCE), to proceed with the amino acid and amine 
derivatisation [151]. Alternatively, 3-mercaptopropionic acid (MPA) or 
N-acetyl-L-cysteine (NAC) can be used for this reaction with the latter being a safer 
alternative that produces more stable derivatives [198]. The reaction conditions for OPA 
derivatisation vary amongst publications [199]. While there are no clear optimal 
conditions the pH, thiol concentration and reaction time are considered crucial due to their 
effect on reaction rate, stability and derivative completion, respectively [200]. 
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Figure 2.2: Derivatisation process of biogenic amines with OPA and NAC. 
Previous publications incorporating OPA derivatisation have automated the reaction 
process using the HPLC autosampler to detect the biogenic amines in a range of samples 
[148, 149]. This reduces the analysis time as well as the potential for sample loss and 
human error. The OPA method has also been applied post-column using post-column 
derivatising equipment [156]. It is important to consider the pH during this reaction as a 
change to pH can affect the derivatives formed. The OPA method is known to produce 
unstable derivatives, unlike the Dns-Cl reaction which results in stable compounds [201]. 
Various OPA methods have been unable to detect the biogenic amines spermine and 
spermidine, as the derivatives have particularly poor stability because they contain both 
primary and secondary amines in their structure [202]. Overall, the sensitivity of Dns-Cl 
is comparable to that of OPA. 
NOC-Cl belongs to the group of aryloxycarbonyl chlorides which have been used for 
pre-column derivatisation of amino acids. According to Brucker et al. substituted 
aryloxycarbonyls have high reactivity, are relatively easy to synthesise and when in 
excess under alkaline conditions can undergo fast derivatisation at room temperature 
[199]. This is what makes NOC-Cl suitable for derivatisation and as Kirschbaum et al. 
+ 
OPA   NAC 
Derivatised product 
amine 
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demonstrated, allows it to be used for detecting biogenic amines [194]. This automated 
method has been used to detect biogenic amines in pet food [150].  
The aim of this chapter was to develop a sensitive, selective automated method for the 
detection of biogenic amines in pet food. Three derivatisation reagents, Dns-Cl, OPA and 
NOC-Cl were investigated. While NOC-Cl resulted in poor sensitivity, OPA and Dns-Cl 
provided acceptable LODs (below 1 ppm). Both the OPA and Dns-Cl methods were 
successfully automated and applied to the detection of biogenic amines in real pet food 
samples with the purpose of being employed by industry. 
Experimental 
Chemicals and reagents 
Pet food samples were provided by Kemin Nutrisurance. MilliQ water and analytical 
grade reagents were used. Biogenic amines (histamine, putrescine, cadaverine, spermine, 
spermidine, tyramine and tryptamine), acetonitrile (HPLC grade), boric acid, sodium 
hydroxide, potassium hydroxide, trichloroacetic acid (TCA), N-acetyl-L-cysteine (NAC), 
o-phthalaldehyde (OPA) and dansyl chloride (Dns-Cl) were purchased from 
Sigma-Aldrich (New South Wales, Australia). Glycine was supplied by BDH Chemicals 
(Victoria, Australia). Hydrochloric acid (HCl), acetic acid, perchloric acid and methanol 
(HPLC grade) were purchased from Chem-Supply (South Australia, Australia). Glacial 
acetic acid was supplied by Ajax Finechem (New South Wales, Australia). Sodium 
acetate was purchased from Fluka (New South Wales, Australia) and 
2-naphthyloxycarbonyl chloride (NOC-Cl) was supplied by Tokyo Chemical Industry 
(Tokyo, Japan). 
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Sample preparation 
All biogenic amine standards were prepared as a 500 ppm stock solution in 0.1 M HCl, 
this was further diluted to the desired concentration with deionised water. Common types 
of samples from the pet food manufacturing process were analysed, including meat meal, 
digest and kibble samples. The kibble was crushed into powder form using a Nutri-bullet 
blender prior to extraction to increase surface area and break through the coating to 
improve extraction. All sample types were weighed out to 5.0 g in a 50 ml centrifuge tube 
and prepared according to Bassanese et al. [150]. 20 ml of 0.1 M HCl in methanol, unless 
otherwise stated, was added to the weighed sample to extract out compounds of interest. 
The solution was vortexed until well mixed then centrifuged at 4000 rpm (relative 
centrifugal force (RCF) 3309.3) for 5 minutes. The RCF was calculated as per the 
equation shown in scheme 2.1. The radius of the Heraeus multifuge X3 centrifuge 
(Thermo Fisher Scientific) used throughout this thesis was 18.5 cm.  
RCF = 11.18 × (n/1000)2 × r 
Scheme 2.1: The scheme shows the calculation of relative centrifugal force 
(RCF), where n is the rotational speed and r is the radius in cm [203]. 
If the sample solution appeared cloudy a further 5 minutes of centrifugation at 4000 rpm 
was completed. The clear extract was filtered through a 0.45 μm nylon syringe filter from 
Phenomenex (New South Wales, Australia) prior to derivatisation. All samples were 
prepared in duplicate.  
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Derivatisation procedures 
2-Naphthyloxycarbonyl chloride (NOC-Cl) derivatisation 
The derivatisation method from Bassanese et al. [150] was followed for reagent 
preparation. 2-Naphthyloxycarbonyl chloride (NOC-Cl) was prepared at 5 mM in 
acetonitrile. Glycine was prepared in water at 20 mM as an excess scavenger reagent. The 
dilution buffer was 0.5 M sodium acetate buffer at pH 4.4 combined with acetonitrile at 
a ratio of 1:3 (v/v). Potassium borate buffer was prepared using 0.5 M boric acid in water 
adjusted to pH 9 using 20 % (w/w) potassium hydroxide. The pet food samples were 
extracted using 5 % TCA. The automated HPLC injector program was as follows: 
i. Draw 20 µl sample and eject into reaction vial 
ii. Draw 150 µl potassium borate buffer (pH 9.0) and eject into reaction vial 
iii. Draw 400 µl NOC-Cl reagent and eject into reaction vial 
iv. Needle wash 
v. Wait 3 minutes 
vi. Draw 50 µl glycine and eject into reaction vial 
vii. Needle wash 
viii. Wait 3 min 
ix. Draw 500 µl dilution buffer (0.5 M sodium acetate, pH 4.4) and eject into reaction 
vial 
x. Draw 20 µl from the reaction vial and inject 
o-Phthalaldehyde (OPA) derivatisation 
For the OPA method, 50 mg of this derivatising reagent was dissolved in 10 ml of HPLC 
grade methanol. Borate buffer was prepared from a boric acid solution (0.2 M in MilliQ 
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filtered deionised water) adjusted to pH 9.5 using sodium hydroxide. NAC was combined 
with the borate buffer at 800 mg per 100 ml. OPA and NAC solutions were combined at 
specified ratios (1:5 to 1:2) in a HPLC vial, vortexed for 1 minute and let sit for 90 minutes 
prior to use. Sodium acetate buffer was prepared at 0.025 M with sodium acetate in 
deionised water with the pH adjusted to 6.5 using acetic acid. 
The initial injector program from Kelly et al. was set as follows using the HPLC injector 
program [149]: 
i. Draw 2 µl OPA-NAC (1:5) 
ii. Draw 2 µl sample or standard 
iii. Mix 15 times in seat 
iv. Wait 2 minutes 
v. Draw 3 µl deionised water 
vi. Mix 3 times in seat 
vii. Inject 7 µl 
The final injector program, after method development, was set as follows using the HPLC 
injector program: 
47 
 
i. Draw 1 µl sodium acetate buffer (pH 6.5) 
ii. Needle wash 
iii. Draw 1 µl sample or standard 
iv. Needle wash 
v. Draw 2 µl OPA-NAC (1:2) reagent 
vi. Needle wash 
vii. Mix 15 times in seat 
viii. Wait 2 minutes 
ix. Inject 4 µl 
Dansyl chloride (Dns-Cl) derivatisation 
Dns-Cl solution was prepared by dissolving 0.1 g of the reagent into 10 ml of acetone. 
L-proline, used to remove excess Dns-Cl, was prepared at 1 g in 10 ml of deionised water. 
A saturated sodium carbonate solution prepared in deionised water was used to control 
the pH.  
For the initial derivatisation procedure, 100 µl of the sample extract or standard mixture 
was combined with 1 ml of saturated sodium carbonate solution and 1 ml of Dns-Cl 
solution. The sample mixture was vortexed for 1 minute at 3000 rpm. The mixture was 
incubated at 40 °C for 60 minutes to allow the reaction to advance. 400 µl of L-proline 
was added, the sample was vortexed for 1 minute and then left in the dark at room 
temperature (RT) for 15 minutes. The final step for the derivatisation method was the 
sample clean-up using diethyl ether extraction. This involved the addition of 2 ml of 
diethyl ether to the sample mixture, lightly shaking and centrifuging at 1800 rpm for 
2 minutes. The clear top layer was collected into a glass vial. This extraction step was 
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repeated three times before evaporating the solvent under a stream of nitrogen and 
redissolving in 2 ml of acetonitrile for HPLC analysis. 
The final manual dansyl chloride derivatisation procedure, after method development, 
involved combining 100 µl of the sample extract or standard with 1 ml of saturated 
sodium carbonate solution and 1 ml of Dns-Cl solution. A 1 minute vortex was completed 
at 3000 rpm. The mixture was heated at 40 °C for 45 minutes to allow for the reaction to 
proceed. Once the reaction was complete, 400 µl of L-proline was added. A further 
1 minute vortex was completed before leaving the sample in the dark at RT for 
15 minutes. Once this time was over, 2 ml of acetonitrile was mixed into the sample. Two 
distinct layers appeared, and the top layer was injected. The sample was either filtered 
using a 0.45 μm nylon syringe filter or let sit for this step.  
The final dansyl chloride derivatisation procedure was also performed using an Agilent 
Sample Prep Workbench (Agilent Technologies, Victoria, Australia). Prior to the 
automation, 100 µl of sample or standard was transferred to an amber HPLC vial, then 
the following steps were performed by the Sample Prep Workbench:  
i. Add 250 µl saturated sodium carbonate solution in water (filtered) 
ii. Add 250 µl Dns-Cl reagent (10 mg/ml in acetonitrile)  
iii. Vortex, 3000 rpm for 1 min 
iv. Heat at 40 °C for 45 min 
v. Add 100 µl L-proline (100 mg/ml in water) 
vi. Vortex, 3000 rpm for 1 min 
vii. Wait 10 min 
viii. Add 500 µl acetonitrile 
ix. Vortex, 1000 rpm for 1 min 
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Each step was performed on every sample before moving to the next step (known as batch 
mode) with the entire reaction carried out in the HPLC vial. At the end of the 
derivatisation procedure, the solution in the vials separated into two layers. The samples 
were transferred to the HPLC for analysis, where the top layer was injected. 
RP-HPLC 
HPLC was carried out using an Agilent Technologies 1260 series liquid chromatography 
system with a quaternary pump, solvent degasser system, auto-sampler, thermostatted 
column compartment, a diode array detector module and a fluorescence detector (Agilent 
Technologies, Victoria, Australia). A reversed phase Phenomenex (New South Wales, 
Australia) Kinetex C18 chromatography column (150 mm × 4.6 mm i.d., 5 µm) was used 
for the Dns-Cl and OPA methods, while the original method column, an Alltech Alltima 
C18 chromatography column supplied by Grace Materials Technology (Victoria, 
Australia) (250 mm × 4.6 mm i.d., 5 µm), was employed for the NOC-Cl derivatisation. 
Solvents were filtered through a 0.45 µm nylon membrane prior to running through the 
HPLC system. MilliQ deionised water was used throughout.  
2-Naphthyloxycarbonyl chloride (NOC-Cl) separation 
The NOC-Cl separation method was replicated without any adaptions to the published 
method as this method was developed by this research group [150]. The gradient profile 
for NOC-Cl separation is shown in Table 2.1. Mobile phase A was 60 % 100 mM sodium 
acetate buffer at pH 4.4 with 40 % acetonitrile, mobile phase B was 100 % acetonitrile. 
The parameters included a variable flow rate, 20 µl injection volume, and 45 °C column 
compartment. The fluorescence detector used had an 8 µl flow cell and was set at 
excitation 274 nm and emission 335 nm. 
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Table 2.1: Gradient profile for NOC-Cl derivatisation. Flow rate was increased at the end 
of the run to speed up flushing and re-equilibration of the column; injection volume 20 
µl; temperature 45 °C; detection FLD - excitation 274 nm and emission 335 nm. Mobile 
phase A was 60 % 100 mM sodium acetate buffer at pH 4.4 with 40 % acetonitrile, mobile 
phase B was 100 % acetonitrile.  
Time (min) 
Mobile 
phase B (%) 
Flow rate 
(mL/min) 
0 23 1.10 
7.0 23 1.10 
38.0 35 1.10 
41.0 70 1.10 
46.0 70 1.10 
47.0 100 1.50 
53.0 100 1.50 
54.0 23 1.50 
60.0 23 1.50 
 
o-Phthalaldehyde (OPA) separation 
For the OPA method, mobile phase A consisted of 95 % sodium acetate buffer, prepared 
at 0.025 M with sodium acetate in MilliQ deionised water with the pH adjusted to 6.5 
using acetic acid. This buffer was combined with 5 % methanol and filtered with a 
0.45 μm nylon membrane under vacuum. Mobile phase B consisted of 70 % methanol 
with 30 % acetonitrile. The gradient profile is shown in Table 2.2 for the OPA method. 
The HPLC settings included a 0.8 ml/min flow rate, 7 µl injection volume initially and 
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4 µl injection volume after method development, and 25 °C column compartment 
temperature. The detector used was UV at 254 nm and fluorescence with excitation at 
330 nm and emission at 440 nm. 
Table 2.2: Gradient profiles for OPA derivatisation method, where (a) is initial separation 
from Kelly et al. [149] and (b) is final separation. Both consisted of flow rate 0.8 ml/min; 
column temperature 25 °C; detection on UV 254 nm and FLD excitation 330 nm and 
emission 440 nm. Mobile phase A was 95 % sodium acetate buffer (0.025 M) with 5 % 
methanol, mobile phase B was of 70 % methanol with 30 % acetonitrile. The injection 
volume for initial separation was 7 µl and for the final separation was 4 µl. 
Time (min) 
Mobile 
phase B (%) 
0 3 
4.5 5 
10 19 
16 27 
20 42 
25 48 
32 60 
35 3 
 
(a) 
52 
 
Time (min) 
Mobile 
phase B (%) 
0 20 
3 30 
10 50 
15 60 
20 70 
25 20 
 
Dansyl chloride (Dns-Cl) separation 
The Dns-Cl method consisted of deionised water as mobile phase A and acetonitrile as 
mobile phase B. The gradient profile is shown in Table 2.3. A 1.0 ml/min flow rate, 10 µl 
injection volume and 35 °C column temperature was used for initial separation and 36 °C 
after optimisation. The separation was recorded at 254 nm using UV detection. 
(b) 
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Table 2.3: Gradient profiles for Dns-Cl derivatisation method, where (a) is initial 
separation from an in-house method, (b) is initial optimised separation and (c) is final 
optimised separation accounting for L-proline peaks. Flow rate 1.0 ml/min; injection 
volume 10 µl; temperature 35 °C for separation (a) and 36 °C for separation (b) and (c); 
detection UV 254 nm. Mobile phase A was deionised water and mobile phase B was 
acetonitrile. 
Time (min) 
Mobile 
phase B (%) 
0 65 
15 65 
23 100 
30 65 
 
Time (min) 
Mobile 
phase B (%) 
0 62 
1 62 
4.3 75 
6.3 100 
10 62 
 
(b) 
(a) 
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Time (min) 
Mobile 
phase A (%) 
0 58 
7 60 
12 100 
16 100 
20 58 
Results and Discussion 
2-Naphthyloxycarbonyl chloride (NOC-Cl) method 
Previous research used 2-naphthyloxycarbonyl chloride (NOC-Cl) to detect biogenic 
amines using an automated HPLC injector program to perform the derivatisation [194]. 
The reagent was employed for derivatisation of biogenic amines in pet food which is why 
it is included in this investigation. The NOC-Cl derivatisation works under alkaline 
conditions and is a rapid reaction that occurs at room temperature, however there are few 
publications regarding this reagent’s use for biogenic amine detection. 
The published method for the detection of biogenic amines in pet food samples 
using NOC-Cl derivatisation [150], did not report the method’s sensitivity and was 
therefore replicated in this study to determine this. The values obtained are in Table 2.4. 
The limits of detection for tryptamine and histamine were 1987 and 161 ppm respectively. 
The remaining standards had limits of detection between 20 and 60 ppm. A poorer 
sensitivity for tryptamine and histamine was anticipated compared to the remaining 
biogenic amines detected as the standard concentrations used were lower for tryptamine 
and histamine when replicating  the research conducted by Bassanese et al. [150]. Low 
(c) 
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fluorescence observed for the histamine derivative was attributed to quenching effects by 
Kirschbaum et al. [194]. His earlier research produced a LOD of 0.747 ppm for histamine. 
This was significantly lower than the 161 ppm LOD produced for histamine in this study 
which may be due to reagent degradation (discussed further below). Both histamine and 
tryptamine are important indicators of food spoilage, especially histamine, which has a 
stated maximum level of 200 ppm in fish and fish products for Australia and New Zealand 
Food standards due to the potential for poisoning [204]. It is therefore important to detect 
these at lower levels. The tryptamine peak coeluted with unknown peaks, resulting in a 
higher relative standard deviation (RSD) compared to the other standards and a low R2 
value. This in turn contributed to the high LOD. All RSD values showed good 
reproducibility (RSD less than 5 %). 
Table 2.4: Analytical figures of merit for NOC-Cl treated biogenic amine standards run 
7 times on Alltech Alltima RP-C18. 
Peak number Standard Equation R² RSD (%) LOD (ppm) 
1 tryptamine 1.3901x - 154.79 0.967 2.87 1987 
2 putrescine 107.68x + 1166.5 0.997 0.95 30 
3 cadaverine 119.31x - 1.9525 0.999 1.62 59 
4 histamine 12.932x - 50.43 0.996 0.96 161 
5 tyramine 261.26x - 268.21 1.000 0.93 21 
6 spermine 298.05x + 527.6 1.000 0.45 22 
7 spermidine 242.25x + 284.72 1.000 0.59 26 
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Comparing the chromatogram shown in Figure 2.3 to previously published results [150] 
demonstrated additional peaks were present. These peaks, labelled X and Y, were also 
detected in the blank control sample, indicating possible degradation of the derivatising 
agent or sample contamination. This may have also resulted in a loss of sensitivity. 
However, the hazards associated with this derivatising agent were recently upgraded in 
Australia to fatal by contact to skin, and it is no longer readily available for purchase, and 
so, further investigation of this reagent would require synthesis. Because of this, further 
research was not conducted with this reagent, as it would be unsuitable for industry use 
due to the safety concerns associated with the reagent and limited availability. 
 
Figure 2.3: NOC-Cl derivatisation of standard mixture of biogenic amines at 62.5 µM 
(tryptamine 750 µM, histamine 300 µM), labeled as per Table 2.4. Peaks A, B and C were 
previously assigned as NOC-Gly, 2-naphthol and reagent peak by Kirschbaum et al.[194]. 
Unknown peaks X and Y were attributed to NOC-Cl reagent degradation. Separation on 
Alltech Alltima C18 column with flow rate varying throughout analysis; injection volume 
20 µl; temperature 45 °C and detected on FLD excitation 274 nm and emission 335 nm. 
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o-Phthalaldehyde (OPA) method establishment 
OPA, a widely employed derivatising agent for the detection of biogenic amines, is often 
automated in HPLC detection methods. This approach was employed by Kelly et al. for 
the detection of biogenic amines in wine, fruit and honey using RP-HPLC coupled with 
fluorescence detection [149].  For this research, the above-mentioned method was 
adapted for the detection of biogenic amines in pet food samples.  
Method replication 
Initially, the derivatisation method by Kelly et al. was replicated [149]. The HPLC 
gradient profile from this research is shown in Table 2.2 (a) of the experimental section 
along with the injector program. After testing the published injection program, some 
small modifications were made. A 10 % methanol needle wash was added after drawing 
the sample and again after drawing up the reagent. The original article had removed 
needle washes from the final program after determining they were unnecessary, but in 
this study, it was found to be necessary to prevent sample cross over and vial 
contamination. 
The biogenic amines analysed by Kelly et al. were ethanolamine, histamine, tyramine, 
putrescine, cadaverine, isoamylamine and phenylethylamine [149]. The biogenic amines 
of interest for this research are histamine, tyramine, putrescine and cadaverine as well as 
tryptamine, spermine and spermidine. The latter two have been shown to be unstable with 
OPA derivatisation because of the extra amine in their structures [202]. Using the method 
described, all biogenic amines except spermine were easily detected at 10 ppm. Spermine 
had poor sensitivity with higher concentrations (approximately 100 ppm) required to 
observe any peak formation. 
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Several changes were made to the original method to improve the detection of the seven 
biogenic amines of interest in pet food samples. The changes investigated included 
changes in the separation conditions, including mobile phase, column and gradient 
profile, as well as reaction conditions during the derivatisation such as pH, reaction time 
and temperature. All these factors are discussed below. Pet food meal samples were used 
for method development, as it is a less complicated sample type when compared to kibble 
or digest samples. 
Separation 
Column and gradient profile 
A C18 Kinetex Phenomenex column (150 mm × 4.6 mm i.d., 5 µm) was employed for 
this separation instead of the column used in the original method which was an Equisil 
C18 column (250 mm × 3 mm i.d., particle size not stated). Having a shorter column 
reduces the separation time while the larger diameter may require a higher flow rate. This 
column was also chosen due to the core shell technology which should allow for a 
reduction in band broadening.  
Using the published method, the peaks of interest eluted between 20.84 and 32.43 minutes 
in the following order: histamine, spermine, spermidine, tyramine, putrescine, cadaverine 
and tryptamine. There was a large wait time prior to the initial peak of interest emerging. 
It therefore seemed possible to decrease analysis time, and reduce solvent waste. DryLab, 
a computerised method development program, was employed for this purpose [205]. 
Using DryLab, optimised separation conditions and the resulting chromatogram can be 
predicted by inputting the results from 2 - 12 experiments depending on the parameters 
under investigation (for example temperature, gradient and pH). By doing this, less time 
and resources are spent in developing methods compared to if it was completed through 
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adjusting experimental runs. The derivatisation procedure was completed on a spiked 
meat meal sample along with blanks to ensure other peaks present within a sample of 
interest can be separated from the biogenic amines under investigation. The gradient and 
temperature parameters were adjusted for DryLab simulation which resulted in 4 input 
experiments being required for the prediction. The required input experiment separations 
are listed here: 
• 5 % to 100 % mobile phase B in 40 minutes at 20 °C 
• 5 % to 100 % mobile phase B in 90 minutes at 20 °C 
• 5 % to 100 % mobile phase B in 40 minutes at 35 °C 
• 5 % to 100 % mobile phase B in 90 minutes at 35 °C  
The predicted optimised conditions were 20 % mobile phase B (70 % methanol, 30 % 
acetonitrile) at 0 minutes, increasing to 30 % at 3 minutes, to 50 % at 10 minutes, to 60 % 
at 15 minutes and to 70 % at 20 minutes. The column temperature was kept at 25 °C. 
Under these conditions, separation of the biogenic amines within the sample occurred in 
less than twenty minutes. Comparison of the DryLab predicted retention times and actual 
retention times are shown in Table 2.5. Results indicate the DryLab program can 
accurately predict peak elution time and the order in which the biogenic amines appear. 
The results also demonstrate that the program is better at predicting the elution time of 
early eluting peaks; the earlier eluting biogenic amines eluted within seconds of the 
predicted retention times whereas cadaverine and tryptamine are out by more than a 
minute.  
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Table 2.5: Comparison of retention times from DryLab prediction and actual separation 
on RP-HPLC. 
Peak 
number 
Biogenic 
amine 
Predicted tR 
(min) 
Actual tR 
(min) 
Actual - Predicted tR 
(min) 
1 Histamine 8.07 8.13 0.06 
2 Spermidine 12.84 12.89 0.05 
3 Tyramine 13.13 13.05 -0.08 
4 Putrescine 13.98 13.48 -0.5 
5 Cadaverine 15.87 14.49 -1.38 
6 Tryptamine 19.45 16.54 -2.91 
 
The chromatograms of a biogenic amine standard mixture, meat meal sample and spiked 
meat meal sample using the predicted gradient profile are shown in Figure 2.4. Spermine 
could not be observed at this 10 ppm concentration and was only observable as the 
concentration was increased while additional small peaks were produced either side of 
histamine for the standard solution (both will be discussed later). Other peaks can be 
observed in the meal sample chromatograms which are due to the amino acids also found 
in pet food products. These compounds are often derivatised using the same OPA method.  
This further highlights the importance of optimising separation with real samples rather 
than standards to ensure these unwanted peaks are separated from the peaks of interest. 
61 
 
 
Figure 2.4: RP-HPLC separation of a 10 ppm biogenic amine mixture (solid black line), 
pet food meal sample extracted with 0.1 M HCl in methanol (blue solid line) and a pet 
food meal sample extracted with 0.1 M HCl in methanol spiked at 10 ppm with biogenic 
amine mixture (red solid line), all derivatised with OPA. Biogenic amines were histamine 
(his), spermidine (spd), tyramine (tyr), putrescine (put), cadaverine (cad) and tryptamine 
(try). Separation on a Phenomenex Kinetex C18 column at flow rate 0.8 ml/min, injection 
volume 7 µl, column temperature 25 °C and detected on FLD excitation 330 nm and 
emission 440 nm. 
Buffer 
The current buffer used as mobile phase A is sodium acetate buffer (0.025 M) at pH 6.5. 
When considering the buffer employed, it is important to determine its pKa as the pH of 
the buffer should be ± 1 pH of this value for the buffer to be most effective [206]. For 
sodium acetate buffer, the pKa is 4.76, this means the current pH of 6.5 is outside its most 
effective range. A buffer can be used 2 units outside of the pKa for adequate separation 
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however this is not ideal. Based on this consideration, phosphate buffer (0.025 M) was 
investigated as an alternative. This buffer has a pKa of 7.20, therefore a pH of 6.5 is 
acceptable as it is within 1 pH of the pKa. Applying the phosphate buffer as mobile 
phase A for the 4 input experiments for DryLab to predict optimum separation resulted 
in wide tailing peaks. The column used was new and the peak tailing did not occur when 
using sodium acetate buffer, therefor the tailing observed for the phosphate buffer may 
be due to secondary interactions. As a result, no changes were made to mobile phase A 
and it was instead left as the original sodium acetate buffer. An advantage to this buffer 
is its ability to be used at wavelengths below 220 nm however currently the wavelength 
for this work is set to 254 nm. 
Injector program  
Deionised water 
Currently one of the last steps in the injector program is the addition of deionised water 
to the OPA derivatisation reaction which potentially reduces peak tailing effects [149]. 
This step was removed from the injector program for this work to see if any peak changes 
would be observed. In doing so, no changes occurred regarding peak shape and instead 
the peak area was increased. This is because removing the deionised water means the 
sample is longer diluted prior to injection. From this it was determined that the deionised 
water was not necessary for the end of the injector program. Removing this step also 
reduces the time between producing the unstable OPA derivatives and sample injection.  
OPA/NAC reagent volume 
The amount of OPA/NAC reagent used in the injector program is the same as the sample 
volume which is 2 µl. When considering the different components within a pet food 
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sample that may react with the OPA reagent, including amino acids and biogenic amines, 
it is important to ensure the derivatisation reagent is in excess so that the compounds of 
interest are completely derivatised for detection. Otherwise analytes such as amino acids 
are competing for the reagent during the sample reaction. To ensure enough OPA is 
present, the sample volume was reduced from 2 µl to 1.5, 1 and 0.5 µl while keeping the 
rest of the injector program the same. These adjustments lead to a sample volume of 1 µl 
being employed due to the resulting peaks having the same peak area and height as the 
sample prepared using greater volumes without being diluted.  
Addition of a buffer 
As mentioned earlier, in the separation shown in Figure 2.3, the peak for spermine was 
not detected. However, many additional small peaks were observed. Further 
investigation, where standards were run separately, showed these extra peaks arose from 
splitting of the putrescine and cadaverine peaks, this can be controlled by pH. The peak 
splitting is further highlighted in Figure 2.5, which shows the separation using a higher 
biogenic amine standard concentration of 100 ppm, compared to the separation of 10 ppm 
standards shown previously. The spermine peak is also observable in this figure, eluting 
just after 10 minutes as a broad low peak.  
The pH within the injector program was altered in an attempt to control the observed peak 
splitting. Kelly et al. initially used borate buffer to control pH in their injector program, 
this was later removed as it did not result in any change to the method’s sensitivity [149]. 
In this work it was found that the peak splitting observed for putrescine and cadaverine 
could be controlled by changes to sample pH. This was determined by mixing 1 µl of 
borate buffer (0.2 M, pH 9), sodium acetate buffer (0.025 M, pH 6.5) or deionised water 
with the samples in the injector program to control the sample pH and observing the 
64 
 
effects. Under more acidic conditions, greater peak splitting was observed, whereas a 
more neutral pH removed the peak splitting so that each biogenic amine only had one 
peak associated with it. The addition of sodium acetate buffer was included in the injector 
program as it resulted in a single peak for six of the biogenic amines (cadaverine, 
histamine, putrescence, spermidine, tryptamine and tyramine). Spermine was the only 
compound that could not be detected, as the derivative is unstable and has a poor detection 
level, it was not pursued further. 
Figure 2.5: RP-HPLC Separation of biogenic amine mixture at 100 ppm in 0.1 M HCl 
derivatised with OPA. Separation on a Phenomenex Kinetex C18 column at flow rate 
0.8 ml/min, injection volume 4 µl, column temperature 25 °C and detected on FLD 
excitation 330 nm and emission 440 nm. 
Another problem encountered with this method was peak shifting. This resulted in 
spermidine and tyramine coeluting as shown in Figure 2.5. The separation used, as 
described in Table 2.2 of the experimental section, had already allowed for peak shifting 
by including an additional 10 minutes. This was performed using DryLab to predict peak 
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separation, however the change in separation did not improve the issue as the peaks 
continued to merge over time. Instead column cleaning, which involved 3 hours of 
flushing with water, methanol and acetonitrile, was required to baseline resolve the peaks 
again indicating the build-up of strongly retained material on the column when running 
this OPA method. This had to be completed every couple of days after approximately 80 
injections and could be completed automatically overnight however it is not ideal for 
industrial use due to the additional time and solvent waste.  
Reaction time 
The wait time included in the injector program after combining the sample and OPA/NAC 
reagent is the time for the reaction to take place. OPA is known to react quickly, but the 
derivatives are also known to be unstable. For this reason, it is important to optimise the 
reaction time to allow for a complete reaction and then injection of sample before product 
degradation occurs. This time was originally set at 2 minutes, and reaction times of 1, 2, 
3 and 4 minutes were tested. The data is shown in Figure 2.6. There was no significant 
change observed at 2 minutes and times greater than this (less than 5 % difference). 
Stopping the reaction after one minute led to a reduction in the peak area; this was shown 
for all biogenic amine standards. It should also be noted that spermidine reduced in peak 
area after the 2 minutes. This is consistent with suggestions that the extra amine group 
within the structure reduces its stability [207]. This also means that the removal of the 
deionised water addition and mixing step at the end of the injector program, allowing for 
immediate injection after the OPA sample reaction, should further improve spermidine 
detection. The above considerations led to the reaction time being kept at the 2 minutes. 
66 
 
Figure 2.6: Peak area of biogenic amine standards produced with different OPA reaction 
times. Separation on a Phenomenex Kinetex C18 column at flow rate 0.8 ml/min, 
injection volume 4 µl, column temperature 25 °C and detected on FLD excitation 330 nm 
and emission 440 nm. 
OPA/NAC ratio 
Lastly the ratio of OPA to NAC was investigated. These reagents are currently prepared 
at a ratio of 1:5. The different ratios tested are shown in Figure 2.7. For each of the 
analytes being investigated, an increase in OPA volume led to an increase in peak area 
except for the tyramine and tryptamine standards.  These analytes instead produced 
slightly higher signals (< 3 % difference) at a ratio of 1:3. Tryptamine and tyramine differ 
from the other biogenic amines as they both contain a benzene ring in their structure. The 
data suggests a ratio of 1:2, OPA to NAC, would be best based on most biogenic amine 
standards having their greatest peak area at this ratio. Also, as spermidine and putrescine 
currently have the lowest peak areas, it would be preferable to improve their signals as 
much as possible.  
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Figure 2.7: Biogenic amine peak areas obtained after adjustments were made to the ratio 
of OPA to NAC. Separation on a Phenomenex Kinetex C18 column at flow rate 
0.8 ml/min, injection volume 4 µl, column temperature 25 °C and detected on FLD 
excitation 330 nm and emission 440 nm. 
Analytical figures of merit 
Limits of detection achieved for the biogenic amines are shown in Table 2.6. Results 
indicate this method is sensitive, linear and accurate with LOD values below 0.12 ppm, 
R2 values close to 1 and RSD percentages below 8 %. Spermidine produced the highest 
RSD percentage which may be attributed to the decreased stability and peak shifting 
associated with this compound. 
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Table 2.6: Calibration data for six biogenic amine standards derivatised following the 
on-line OPA method. LOD was calculated as three times the standard deviation of seven 
replicates of noise on the chromatogram divided by the calibration slope, LOQ was the 
same except using ten times the standard deviation.  
Biogenic 
amine 
linear range 
(ppm) 
Equation R² 
RSD 
(%) 
LOD 
(ppm) 
LOQ 
(ppm) 
Histamine 0.625 - 10 y = 29.773x + 1.1465 0.998 4.81 0.083 0.276 
Spermidine 0.625 - 10 y = 20.644x - 0.0549 0.999 7.08 0.114 0.379 
Tyramine 0.625 - 10 y = 24.021x + 0.8786 0.999 4.43 0.077 0.257 
Putrescine 0.625 - 10 y = 14.825x + 0.2656 0.999 6.34 0.105 0.350 
Cadaverine 0.625 - 10 y = 18.458x - 0.1673 0.998 6.80 0.114 0.379 
Tryptamine 0.625 - 10 y = 19.682x + 0.4629 0.999 4.77 0.082 0.274 
Sample preparation 
The technique used for extracting biogenic amines from pet food comes from an in-house 
method. It involves solid-liquid extraction with 10 % TCA. This type of extraction is 
desirable due to its simplicity, however the solvent is not ideal, as TCA is highly toxic 
and requires specially fitted fume hoods. A previous study involving the derivatisation of 
biogenic amines in pet food samples with NOC-Cl looked at alternative extraction 
solvents and found 0.1 M HCl was the most appropriate solvent for solid-liquid 
extraction [150]. Various reviews on this topic have also included methanol extraction 
[119, 138]. Based on these factors, alternative solvents were tested to extract the biogenic 
amines from pet food to determine if an alternative to TCA could be adopted. Solvents 
tested were 0.1 M HCl in deionised water, 0.1 M HCl in methanol, 100 % methanol, 5 % 
and 10 % TCA in water, and 0.6 M and 0.4 M perchloric acid in water. 
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To compare the different extraction solvents a meal sample spiked with 10 ppm biogenic 
amines was tested with each solvent system. The percentage recoveries calculated for the 
spiked meat meal sample extracted out into various solvents are shown in Table 2.7. This 
was calculated by determining the difference in concentration of each biogenic amine in 
the sample before and after spiking with a known concentration of biogenic amine 
solution for each extraction solvent, and comparing it to the actual spiked concentration. 
Of the solvents, 0.1 M HCl in methanol was the only solvent to produce good percentage 
recoveries (above 80 %) for all biogenic amines. The 0.1 M HCl in water and 100 % 
methanol produced reasonable recoveries (100 ± 30 %) for some biogenic amines but 
poorer recoveries outside of this range for others. Spermidine was not detected using 
methanol and while it was detected with 0.1 M HCl the percentage recovery was large at 
176 %. The spermidine peak may be coeluting with another constituent within the sample. 
Low recoveries were observed for putrescine and cadaverine making 0.1 M HCl less 
preferable. When using 10 % TCA solvent, an increase in the HPLC system pressure was 
observed which could result in instrument errors and reduce column lifetime. This 
increase in pressure could arise from precipitates forming during the online reaction 
therefore 5 % and 10 % TCA will not be employed. The perchloric acid extractions did 
not give acceptable percentage recoveries. Employing 0.1 M HCl in methanol as the 
extraction solvent does not require any further changes to the procedure. Additionally, 
this solvent can be easily filtered into a HPLC vial without back pressure, which was not 
the case for TCA and perchloric acid. 
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Table 2.7: Percentage recoveries for biogenic amines extracted from a meal sample with 
various solvents; 0.1 M hydrochloric acid (HCl), 100 % methanol (MeOH), 0.1 M HCl 
in MeOH, 0.4 M and 0.6 M perchloric acid (HClO4), and 5 % trichloroacetic acid (TCA). 
The meal was spiked with 10 ppm of a biogenic amine mixture and analysed on RP-HPLC 
following the on-line OPA derivatisation method. 
Biogenic 
amine 
0.1 M HCl 
100 % 
MeOH 
0.1 M HCl 
in MeOH 
0.4 M 
HClO4 
0.6 M 
HClO4 
5 % TCA 
Histamine 77.1 67.2 96.5 76.7 52.8 87.7 
Spermidine 175.9 NA 82.3 24.3 24.0 48.8 
Tyramine 98.8 72.3 88.0 18.4 16.4 54.6 
Putrescine 44.6 55.0 96.4 2.7 4.1 45.6 
Cadaverine 25.1 90.8 95.1 4.4 10.3 25.0 
Tryptamine 84.8 86.8 89.4 22.3 15.2 43.8 
 
The 0.1 M HCl in methanol extraction was tested further by calculating percentage 
recoveries in eight more meat meal samples (results shown in Table 2.8). The percentage 
recoveries were mostly within the range of 85 - 115 % when spiked at the three different 
concentrations. The percentage recoveries for histamine, putrescine and tryptamine were 
lower in meat meal 7 and 8 which may be attributed to the higher concentrations used to 
spike the samples as this may results in not enough reagent for complete derivatisation. 
Tyramine resulted in lower percentage recoveries for Meals 1, 2 and 3, while Meals 4, 5 
and 6 had low percentage recoveries with spermidine. These two biogenic amines elute 
close to one another with retention time shifting resulting in coelution after numerous 
runs. Meal 5 produced large percentage recoveries for putrescine and cadaverine whereas 
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all other meals were close to 100 % for these biogenic amines. All other biogenic amines 
had good percentage recoveries as shown in Table 2.8. 
Table 2.8: Percentage recoveries for meat meal samples extracted with 0.1 M HCl in 
methanol. Meat meal samples 1 – 6 were spiked with 10 ppm, meat meal 7 was spiked at 
50 ppm and meat meal 8 was spiked at 200 ppm, using the biogenic amines mixture, and 
analysed on RP-HPC following on-line OPA derivatisation. 
Biogenic amine 1 2 3 4 5 6 7 8 
Histamine 94.9 91.1 91.4 93.8 100.6 91.4 87.3 73.5 
Spermidine 95.4 93.8 97.8 89.9 87.7 88.7 99.0 91.6 
Tyramine 85.5 86.3 85.6 93.6 101.8 91.8 90.3 89.6 
Putrescine 99.3 100.7 99.5 101.4 112.1 100.1 91.2 83.8 
Cadaverine 96.0 94.4 95.6 101.3 112.2 98.1 95.3 99.7 
Tryptamine 90.7 94.3 90.9 93.8 99.1 93.7 88.5 83.0 
 
Based on these results from the OPA derivatisation of biogenic amines in pet food, the 
technique is fast and simple with modification allowing for good sensitivity. As the 
derivatisation reaction is not very specific, the number of additional peaks within a sample 
being derivatised may prove problematic if other sample types contain components that 
are not separated from the peaks of interest. The developed method is not suitable for the 
sensitive detection of spermine.  
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Dansyl chloride (Dns-Cl) method establishment 
Dansyl chloride is a common derivatising agent that has been used for detecting biogenic 
amines within a variety of sample types. Recent work in this area has led to reductions in 
the manual derivatisation process. This reagent will be explored with the aim of producing 
an automated method for detecting biogenic amines within pet food for industry purposes. 
Initially, the biogenic amines were derivatised with Dns-Cl according to an in-house 
method developed for pet food analysis. This method involved combining the extracted 
sample with saturated sodium carbonate, adding the Dns-Cl reagent, waiting 1 hour at 
40 °C, mixing in L-proline and waiting a further 15 minutes, then extracting out with 
three diethyl ether washes before evaporating the solvent under nitrogen and redissolving 
the sample in acetonitrile for HPLC analysis. According to the method being followed, 
these steps are all completed manually. There are many variations of Dns-Cl 
derivatisation found in the literature, and no clear optimised conditions have been 
established [137]. For this reason, many variables were investigated to improve detection, 
reduce the number of steps and decrease analysis time. Variables tested included the 
separation conditions, pH, reaction time and temperature, addition of L-proline and 
diethyl ether wash. Based on the results the Dns-Cl method showed potential to be 
automated which will be discussed.  
Separation 
Column 
The column used in the original method to separate the Dns-Cl derivatives was a Restek 
Pinnacle II C18 (150 × 3.2 mm, 3 µm). In this work, a Phenomenex Kinetex C18 
(150 × 4.6 mm, 5 µm) was investigated. Larger particle sizes result in reduced efficiency, 
however the core-shell technology should counteract this change while the larger 
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diameter means higher flow rates may be required. Complete separation, shown in 
Figure 2.8, was achieved on this column within 20 minutes when replicating the original 
method. Only six biogenic amines were determined in the original Dns-Cl derivatisation 
method under investigation. They were putrescine, cadaverine, histamine, tyramine, 
spermidine and spermine. The final peak, spermine, had a retention time of 16.75 minutes 
which is 4.81 minutes later than the separation achieved using the original column.  
 
 Figure 2.8: RP-HPLC separation of a biogenic amine mixture at 100 ppm in 0.1 M HCl. 
Derivatisation was completed using Dns-Cl derivatisation, peaks eluting prior to 
5 minutes can be attributed to the reagent. Separation on a Phenomenex Kinetex C18 
column (150 × 4.6 mm, 5 µm) at flow rate 1 ml/min, injection volume 10 µl, column 
temperature 35 °C and UV detection at 254 nm. 
A calibration was completed to ensure the suggested range was linear and to determine 
the method’s current sensitivity. Limits of detection obtained for the six biogenic amines 
are shown in Table 2.9. The R2 values were all above 0.995 which suggests good linearity. 
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All LOD values were below 0.017 ppm. After determining the LODs to be maintained or 
improved upon, further investigation into adapting this method for automated 
derivatisation was undertaken. 
Table 2.9: Calibration data for six biogenic amine standards derivatised pre-column with 
Dns-Cl for detection on RP-HPLC. LOD was calculated as three times the standard 
deviation of seven replicates of noise on the chromatogram divided by the calibration 
slope, LOQ was the same except using ten times the standard deviation. 
Biogenic amine 
Calibration 
range 
(ppm) 
Calibration R2 
LOD 
(ppm) 
LOQ 
(ppm) 
Putrescine 0.25 - 15 y = 35.388x + 82.193 0.999 0.011 0.037 
Cadaverine 0.25 - 15 y = 40.719x + 57.324 0.999 0.0055 0.015 
Histamine 0.25 - 15 y = 47.294x + 31.607 0.999 0.0055 0.015 
Tyramine 0.25 - 15 y = 41.562x + 28.901 0.999 0.0077 0.023 
Spermidine 0.25 - 15 y = 75.877x + 35.212 0.999 0.017 0.056 
Spermine 0.25 - 15 y = 44.697x + 7.6055 0.999 0.011 0.036 
 
DryLab 4.0 was employed to further improve the separation of this biogenic amine 
mixture on the Phenomenex Kinetex C18 column. The aim was to reduce separation time 
whilst retaining baseline resolution between all peaks of interest. The derivatisation 
procedure was completed on a meat meal sample, as this is a common pet food ingredient. 
This allows for any potential interferences within a sample to be baseline resolved from 
the peaks of interest during the DryLab simulation. Gradient and temperature were the 
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two parameters used on the program. Four experimental separations were required for 
this prediction. 
• 5 % mobile phase B to 100 % mobile phase B in 40 minutes at 20 °C 
• 5 % mobile phase B to 100 % mobile phase B in 90 minutes at 20 °C 
• 5 % mobile phase B to 100 % mobile phase B in 40 minutes at 35 °C 
• 5 % mobile phase B to 100 % mobile phase B in 90 minutes at 35 °C 
Tryptamine was not included in the method being followed but was added as its detection 
is also of interest. The software could predict a faster separation, under 10 minutes, with 
an optimum temperature of 36 °C, 10 µl injection and flow rate of 1.0 ml/min detected at 
254 nm by UV absorbance. At time zero, mobile phase B was at 62 %, this was held for 
1 minute before increasing to 75 % at 4.3 minutes, then 100 % at 6.3 minutes and holding 
until 8 minutes. The predicted retention times are shown below in Table 2.10, along with 
the actual separation times achieved on HPLC using these parameters. The retention times 
predicted were all within a minute of the actual peak eluting times. The first two biogenic 
amines to separate out, tryptamine and putrescine, were both predicted to come out 
slightly later than they did while the remaining biogenic amines eluted faster for the 
DryLab simulation. This software allowed for an accurate prediction for separating seven 
biogenic amines in under 10 minutes and as such these conditions were employed for 
HPLC analysis. 
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Table 2.10: Comparison of retention times from DryLab prediction and actual separation 
on RP-HPLC for Dns-Cl derivatised biogenic amines. 
Peak 
number 
Biogenic 
amine 
Predicted tR (min) 
Actual tR 
(min) 
Actual - 
Predicted tR 
(min) 
1 Tryptamine 5.03 5.79 -0.76 
2 Putrescine 6.72 6.81 -0.09 
3 Cadaverine 7.25 7.05 0.2 
4 Histamine 7.56 7.34 0.22 
5 Tyramine 8.82 8.55 0.27 
6 Spermidine 9.04 8.79 0.25 
7 Spermine 9.74 9.73 0.01 
Derivatisation optimisation 
There are many potential adaptations to the Dns-Cl derivatisation procedure. These 
include changing the solvents and reagents, the reaction time and temperature and the 
extraction procedure. These parameters were investigated to develop a Dns-Cl 
derivatisation that could be automated in a reasonable time. 
pH 
For the Dns-Cl derivatisation reaction to proceed the pH is required to be above 8. This 
value, which is above the pKa of biogenic amine derivatives, allows for deprotonation of 
the amine. A saturated sodium carbonate solution is employed for this purpose.  The pH 
of saturated sodium carbonate solution was found to be approximately 11.25. For 
comparison purposes this pH was achieved using 1 M sodium hydroxide as well. 
Investigating an alternative pH adjustment may allow for a reduction in potential salt 
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formation; the sodium carbonate currently used is saturated, which if used in automated 
derivatisation may result in blockages and a reduced column lifetime. Using sodium 
hydroxide solution instead resulted in no peaks for the biogenic amines under 
investigation. This demonstrates sodium carbonate is important to the reaction, the 
possible reason for this is it produces carbon dioxide along with salt and water when 
reacting with hydrogen chloride. Looking at the many recent publications where sodium 
hydroxide was used to adjust the pH to around 12, sodium carbonate was also added in 
the reaction [138, 208]. Therefore, it was decided to continue use of saturated sodium 
carbonate solution and overcome the problem of solid formation by filtering off any 
excess.  
Aqueous and organic phase 
Currently the Dns-Cl method under investigation uses saturated sodium carbonate in 
deionised water and Dns-Cl in acetone during sample derivatisation. According to Ramos 
and co-workers, the aqueous and organic phases should be kept at a ratio of 1:1 [209]. 
The current method being adapted uses a 1:2 mixture of aqueous (saturated sodium 
carbonate) to organic (acetone) phase. Completing separation with the suggested ratio of 
1:1 produced greater peaks in terms of area and height and was therefore adopted. 
Clean-up 
The most common wash solvent employed in Dns-Cl derivatisation clean-up is diethyl 
ether. This solvent has a very low boiling point of 34.6 °C meaning it could evaporate 
during HPLC analysis. For this reason, diethyl ether is evaporated under nitrogen during 
sample preparation, and the sample is redissolved in acetonitrile. Undergoing these steps 
is time consuming, laborious and can result in potential sample loss, therefore an 
alternative would be preferable. There is the potential to substitute in a solvent that would 
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not require evaporation and could be directly injected onto HPLC, significantly reducing 
preparation time. Aflaki mentioned the use toluene for this reason when investigating 
benzoyl chloride derivatisation [131]. There are published methods that do not employ a 
wash step [138, 144, 153]. Prior to considering alternative solvents to the diethyl ether, 
removal of the wash step was tested. The outcome of this is shown in Figure 2.9. Samples 
derivatised with and without this extraction step are compared and only showed changes 
in the peaks eluting prior to 2 minutes which are not of interest. There was no change 
observed for the critical peaks. This was originally completed on a standard mixture 
before conducting on real samples. In all cases there were no observed changes to the 
biogenic amines under investigation. The separation was also observed at alternative 
wavelengths in the UV for potential interfering peaks not shown at 254 nm. It was 
determined that the diethyl ether clean-up was not required, however this may reduce the 
column lifetime as extra matter is injected onto the column. To counteract this, a 
pre-column filter (KrudKatcher) was incorporated before the C18 column to remove 
particulate matter and extend column lifetime.  
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Figure 2.9: RP-HPLC separation completed on a meal sample extracted with 0.1 M HCl 
in methanol, spiked at 50 ppm with biogenic amine mixture and analysed following the 
Dns-Cl derivatisation procedure with (red dotted line) and without (blue solid line) the 
diethyl ether extraction step. Separation on a Phenomenex Kinetex C18 column 
(150 × 4.6 mm, 5 µm) at flow rate 1 ml/min, injection volume 10 µl, column temperature 
36 °C and UV detection at 254 nm. 
 L-Proline 
The addition of L-proline in the derivatisation reaction allows for the removal of excess 
Dns-Cl remaining after reaction with the biogenic amines. There are publications that use 
an alternative reagent to L-proline, such as arginine, or alternatively do not mention a step 
for removing excess Dns-Cl. This suggests that the addition of L-proline may not be 
necessary which would advantageous due to a reduction in time.  The derivatisation 
reaction, with and without L-proline, is shown in Figure 2.10. Elimination of L-proline 
removed peaks at the start of separation that are not of importance. It did however result 
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in three additional peaks that co-eluted with cadaverine, histamine and tyramine which is 
problematic. From this data, L-proline is necessary for the removal of unwanted peaks 
that may interfere. This also highlights the potential of interference even if L-proline is 
used, as the reaction may not completely remove these interfering peaks. To ensure this 
does not occur DryLab was employed to predict a separation that would keep reagent 
peaks A, B and C (shown in Figure 2.9) baseline resolved from the peaks of interest.  
 
Figure 2.10: RP-HPLC separation completed on a meal sample extracted with 0.1 M HCl 
in methanol, spiked at 50 ppm with biogenic amine mixture and analysed following the 
Dns-Cl derivatisation method with (red dotted line) and without (blue solid line) the 
addition of L-proline for removal of excess reagent. Separation on a Phenomenex Kinetex 
C18 column (150 × 4.6 mm, 5 µm) at flow rate 1 ml/min, injection volume 10 µl, column 
temperature 36 °C and UV detection at 254 nm. 
The gradient and temperature were the two parameters adjusted. The resulting separation, 
separation 2, is shown in Figure 2.11. From this, a separation could be achieved that 
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allowed for the unwanted peaks to be baseline resolved from those of interest. This change 
extends separation 1 by a further 5 minutes but reduces the potential for interference.  
 
 
 Figure 2.11: RP-HPLC separation completed on a meat meal sample extracted with 
0.1 M HCl in methanol, spiked at 50 ppm with biogenic amine mixture and analysed 
following the Dns-Cl derivatisation procedure after modifications were made to the 
separation due to removal of L-proline. Separation on a Phenomenex Kinetex C18 
column (150 × 4.6 mm, 5 µm) at flow rate 1 ml/min, injection volume 10 µl, column 
temperature 36 °C and UV detection at 254 nm. 
Table 2.11 shows that the predicted and actual retention times. These are similar with the 
predicted and actual retention times, being within 25 seconds of one another. 
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Table 2.11: Comparison of retention times from DryLab prediction and actual separation 
on RP-HPLC. 
Peak 
number 
Biogenic 
amine 
Predicted tR 
(min) 
Actual tR 
(min) 
Actual - predicted tR 
(min) 
1 Tryptamine 5.61 5.74 0.13 
2 Putrescine 9.35 8.97 -0.38 
3 Cadaverine 10.54 10.15 -0.39 
4 Histamine 10.90 10.52 -0.38 
5 Tyramine 12.71 12.64 -0.07 
6 Spermidine 13.09 13.07 -0.02 
7 Spermine 14.23 14.22 -0.01 
 
Comparing calibrations for both separation methods, the R2 values were all above 0.999 
when using separation 2 (Table 2.12). Data obtained from separation 1 resulted in R2 
values below this for cadaverine and tyramine. Both these biogenic amines coeluted with 
unknown peaks when L-proline was removed. Whilst an R2 value of 0.993 is still very 
good, it may be possible that L-proline does not completely remove the interferences. For 
this reason, the second separation will be used. 
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Table 2.12: Calibration data from separation 1 (DryLab prediction 1) and separation 2 
(DryLab prediction 2 - baseline resolution of potential interfering peaks if L-proline does 
not completely react). 
  Separation 1 Separation 2 
Biogenic 
amine 
Calibration 
range (ppm) 
Equation R² Equation R² 
Tryptamine 1 - 100 ppm 
y = 10.791x - 
16.97 
0.999 
y = 10.768x - 
14.897 
0.999 
Putrescine 1 - 100 ppm 
y = 17.654x + 
23.094 
1.000 
y = 17.807x - 
6.2677 
1.000 
Cadaverine 1 - 100 ppm 
y = 15.909x + 
28.313 
0.993 
y = 16.383x + 
11.053 
1.000 
Histamine 1 - 100 ppm 
y = 22.85x + 
12.482 
1.000 
y = 23.072x - 
10.541 
1.000 
Tyramine 1 - 100 ppm 
y = 19.722x + 
75.262 
0.998 
y = 20.406x + 
1.8832 
0.999 
Spermidine 1 - 100 ppm 
y = 25.486x - 
8.9312 
1.000 
y = 25.439x - 
8.6986 
1.000 
Spermine 1 - 100 ppm 
y = 23.322x - 
6.86 
1.000 
y = 22.317x - 
10.975 
1.000 
 
To further reduce the sample derivatisation process, the wait time in the dark at room 
temperature after the addition of L-proline was investigated. The current wait time is 
15 minutes which was compared to 0, 5 and 10 minutes. The results for the change in 
peak area over time for the biogenic amines are shown in Figure 2.12. Immediate analysis 
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of samples after addition of L-proline resulted in the removal of reagent peaks A, B and 
C when observing the separation. An increase in peak area of the biogenic amines over 
time was observed with the peak area changing by up to 8.5 % from 0 to 15 minutes. 
When comparing 10 and 15 minute reaction times, all biogenic amines showed an 
increase no greater than 3 % over that last 5 minutes, except for tryptamine which was 
instead reduced in that time. Based on this, the wait time was reduced to 10 minutes. 
  
Figure 2.12: Change in peak area (detected on UV at 254 nm) of biogenic amines, in a 
10 ppm spiked meat meal sample, at different reaction times with L-proline, kept at room 
temperature in the dark.  
Solvent for preparing dansyl chloride (Dns-Cl) 
Dns-Cl is regularly prepared in acetone [142, 144, 145, 155]. Acetonitrile has also been 
employed for the same purpose [210]. Given the organic solvent used in the mobile phase 
for the separation in this method is acetonitrile, it would be the preferred solvent for 
preparing Dns-Cl.  Using acetonitrile should improve solvent compatibility for injection 
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of the sample and will not require removal by evaporation under nitrogen before 
redissolving the sample in acetonitrile, whereas evaporation is preferred when using 
acetone for the purpose of column lifetime. Removal of the evaporation step is also highly 
desirable for method automation, as the only way to dry the sample in an automated 
system would involve heating until the solvent has evaporated which increases 
preparation time and may cause sample degradation.  
Preparation of Dns-Cl in acetonitrile and acetone at the same concentration was 
compared. Results showed no significant changes to the derivatives of interest when 
employing acetonitrile instead of acetone. Using acetonitrile resulted in a reduction in 
unwanted peaks and no peak eluting between histamine and tyramine as shown in Figure 
2.13. No additional peaks resulted from the change in solvent, which means no coelution 
with those of interest or peak splitting. However, the preparation of Dns-Cl in acetonitrile 
did reduce peak area by 17.6 – 25.2 % for the analytes compared to acetone. The 
concentration of Dns-Cl in acetonitrile may need to be further optimised, as the current 
concentration follows from the method developed using acetone.  
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Figure 2.13: Separation after employing acetone (dotted black line) and acetonitrile (solid 
blue line) for stock solution of Dns-Cl. Separation on a Phenomenex Kinetex C18 column 
(150 × 4.6 mm, 5 µm) at flow rate 1 ml/min, injection volume 10 µl, column temperature 
36 °C and UV detection at 254 nm. 
Optimisation of the concentration of Dns-Cl in acetonitrile was completed; the results are 
shown in Figure 2.14. All biogenic amine derivatives except histamine produced their 
greatest peak area at the 5 mg/ml showing a decrease in area with decreasing Dns-Cl 
concentration. Histamine instead produced its greatest peak area at 2.5 mg/ml which was 
14 % higher than at 5 mg/ml. Despite the inability to improve signal response with 
acetonitrile, this solvent was employed instead of acetone due to the advantages 
previously stated and was kept at a concentration of 5 mg/ml. 
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Figure 2.14: Effect on peak area (detected on UV at 254 nm) of biogenic amines, in a 
10 ppm spiked meat meal sample, when changing the Dns-Cl concentration. 
Reaction time and temperature 
The reaction time and temperature employed for Dns-Cl derivatisation in the literature 
varies from 5 minutes to 24 hours and ambient to 70 °C  [137, 142, 145]. These parameters 
were also explored to optimise and decrease the time required for the derivatisation 
reaction. Firstly, the temperature was looked at, with samples prepared at room 
temperature, 40, 50 and 60 °C. Figure 2.15 shows that the current temperature of 40 °C 
was ideal. The higher temperatures resulted in a reduction in the histamine peak while 
room temperature resulted in a drastic reduction for all biogenic amines and as such 
results have been omitted.  Room temperature would have been the preferred conditions 
for automating the reaction, as the HPLC injector program on the instrument available 
cannot be used to heat individual samples. Using whole tray heating in the HPLC injector 
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program would mean that all samples on the tray would be continually heated while only 
one sample at a time is being prepared.  
 
Figure 2.15: Separation of a meat meal sample spiked with 50 ppm biogenic amine 
mixture extracted in 0.1 M HCl in methanol analysed after derivatisation with reaction 
temperatures of 40, 50 and 60 °C. 
The reaction time at 40 °C was explored, with samples tested every 15 minutes up until 
the original 60 minute reaction time. This was performed to determine if it was necessary 
to wait the entire 60 minutes for the reaction to occur. The results, shown in Figure 2.16, 
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showed little change in peak area between the reaction times, with 45 minutes producing 
the greatest peak areas. Based on this data, the original reaction time could be reduced by 
15 minutes.  
 
Figure 2.16: Effect on biogenic amine peak area, in a 10 ppm spiked meat meal sample, 
when changing the reaction time for Dns-Cl derivatisation reaction. 
Method Automation 
Lastly, this modified method was scaled down for automation using an Agilent 
Technologies Sample Prep Workbench to further improve analysis time and accuracy. 
Unlike the OPA derivatisation method, this method cannot be automated using the HPLC 
injector program. This is because the injector program prepares the one sample from start 
to finish before preparing the next sample in line. This would mean all samples waiting 
in line for preparation and analysis would be on the tray heating for extended and variable 
periods of time. Not only is this time consuming but it may degrade samples waiting to 
be derivatised.  
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For automation, all volumes had to be reduced four times to be workable, as demonstrated 
in Table 2.13. Testing on the preparation workbench, led to the sample volume being 
increased to 100 µL while keeping everything else the same. This is because increasing 
the sample volume increased the peak area and height but beyond 100 µL no further 
increase was observed.  
Table 2.13: Scaling down of reagent volumes for sample prep workbench for the Dns-Cl 
method. 
Reagent Optimised method volume Scaled down volume 
Sample 100 µl 25 µl 
Saturated sodium carbonate 1 ml 250 µl 
Dns-Cl 1 ml 250 µl 
L-Proline 400 µl 100 µl 
Acetonitrile 2 ml 500 µl 
Analytical figures of merit 
Method validation included linearity, LOD, LOQ and repeatability. The limits of 
detection for the biogenic amines, shown in Table 2.14, are at or below 0.2 ppm when 
using the automated approach. The sensitivity results for the automated Dns-Cl 
derivatisation compared well to the optimised manual Dns-Cl derivatisation with values 
lower for most biogenic amines after being scaled down. This means less reagent is 
required for the automated procedure which saves costs for the reagent and reduces waste. 
The initial manual Dns-Cl method used 1 ml of the stock solution of Dns-Cl, which is 
priced at approximately AU $110, for every sample being derivatised. Now only 250 µl 
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of this stock solution is required from the automated method. When comparing the 
automated Dns-Cl derivatisation with the OPA method’s figures of merit, the OPA 
derivatisation method had better sensitivity. Despite this, the values achieved using the 
automated Dns-Cl method are acceptable, based on the maximum allowed levels of 
histamine of 200 ppm set in place by Australia and New Zealand Food standards [204]. 
The data suggests the method is accurate with low RSD percentages. Good linearity was 
also achieved with all R2 values at or close to 1. The cost of OPA is approximately AU 
$180 which is slightly more than Dns-Cl however only 2 µl of the combined OPA-NAC 
solution is used for every sample derivatised. 
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Table 2.14: Comparison of figures of merit for manual and automated Dns-Cl 
derivatisation. LOD was calculated as three times the standard deviation of seven 
replicates of the lowest detectable concentration divided by the calibration slope, LOQ 
followed the same calculation only using ten times the standard deviation. The calibration 
range used was 0.05 – 5 ppm. 
 Manual Automated 
Biogenic 
amine 
RSD (%) 
LOD 
(ppm) 
LOQ 
(ppm) 
RSD (%) 
LOD 
(ppm) 
LOQ 
(ppm) 
Tryptamine 3.67 2.27 7.57 0.76 0.09 0.86 
Putrescine 0.45 0.15 0.49 0.71 0.09 0.87 
Cadaverine 0.45 0.24 0.79 1.53 0.19 1.86 
Histamine 0.26 0.07 0.23 1.80 0.18 1.80 
Tyramine 0.45 0.11 0.38 0.52 0.04 0.39 
Spermidine 0.52 0.14 0.48 2.01 0.13 1.33 
Spermine 0.54 0.21 0.71 2.37 0.20 2.01 
 
Detection wavelength 
Currently the detector wavelength is set at 254 nm. Dns-Cl derivatisation data has been 
collected at 214 nm in previous work [151]. The data obtained from both wavelengths 
was compared (Table 2.15). Detection at 214 nm on the UV absorbance detector produced 
larger peaks than at 254 nm. Despite 214 nm producing greater biogenic amine peak 
height and area, the results at the 254 nm wavelength were shown to be more sensitive. 
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This is based on the standard deviation, RSD percentage and LOD values obtained at 
254 nm all being lower than those at 214 nm. The reduced accuracy at the latter 
wavelength can be attributed to the increased detection of interfering sample components. 
All RSD values were precise, with nothing above 2.5 % for the 254 nm detection.  
Table 2.15: Differences in sensitivity at two wavelengths of 254 nm and 214 nm for the 
seven biogenic amines derivatised with Dns-Cl and detected on RP-HPLC. 
 254 nm 214 nm 
Biogenic amines St. dev. RSD (%) LOD (ppm) St. dev. RSD (%) LOD (ppm) 
Tryptamine 0.07 0.76 0.016 0.56 1.22 0.026 
Putrescine 0.11 0.71 0.024 1.67 2.53 0.096 
Cadaverine 0.28 1.53 0.049 3.06 3.91 0.135 
Histamine 0.44 1.80 0.056 2.98 2.85 0.098 
Tyramine 0.11 0.52 0.015 0.55 0.59 0.018 
Spermidine 0.43 2.01 0.093 1.93 2.31 0.110 
Spermine 0.45 2.37 0.155 3.86 5.31 0.351 
 
Fluorescence detection has also been used for Dns-Cl derivatisations and was investigated 
in this research. It was found that UV detection produced a better signal compared to 
fluorescence detection. Results from use of the fluorescence detector showed poorer 
limits of detection and smaller linear range, with the signal overloading the detector at a 
lower biogenic amine concentration. 
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The percentage recoveries were calculated for meat meal samples extracted with 0.1 M 
HCl in methanol after spiking at 3 different concentrations (Table 2.16). These values fell 
within the range of 76 - 108 %. Putrescine, cadaverine and spermidine had the lowest 
recoveries, producing similar values for each meat meal. 
Table 2.16: Percentage recoveries for meat meal samples extracted with 0.1 M HCl in 
methanol and analysed after Dns-Cl derivatisation. Meat meal sample 1 was spiked with 
10 ppm, meat meal 2-7 were spiked at 50 ppm and meat meal 8 was spiked at 200 ppm. 
Biogenic amine 1 2 3 4 5 6 7 8 
Tryptamine 88.2 103.1 103.6 93.5 100.1 92.7 92.6 109.0 
Putrescine 105.9 90.5 87.2 79.0 85.1 77.9 77.0 80.8 
Cadaverine 85.3 89.3 86.8 79.3 84.5 77.5 76.9 81.1 
Histamine 101.0 93.2 92.9 85.3 91.0 83.2 82.9 90.8 
Tyramine 93.7 107.3 107.2 98.1 104.8 95.7 95.2 88.7 
Spermidine 98.7 92.5 88.4 79.6 85.2 79.7 78.5 95.8 
Spermine 101.8 101.4 98.3 87.5 94.5 87.5 85.3 98.4 
 
Real sample method comparison 
The optimised Dns-Cl and OPA methods were lastly compared to one another for their 
ability to detect the biogenic amine concentrations within a pet food sample. Results for 
meal samples are shown in Table 2.17. This sample type was used throughout method 
development for optimising both the OPA and Dns-Cl derivatisation methods as it is 
commonly received for analysis within the industry. The biogenic amine concentrations 
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compared well for this sample type with student’s t-test showing most of the paired results 
were not statistically different (12 at p > 0.05, and another 5 at p > 0.01). Tyramine for 
meat meal 1was significantly different (p < 0.001) for OPA compared with Dns-Cl 
derivatisation. Histamine, spermidine and tyramine were generally higher using OPA 
derivatisation. In this method, the tyramine and spermidine peaks shift closer together 
over time becoming less resolved and this may explain the observed difference.  
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Table 2.17: Concentration of biogenic amines (ppm) in meat meal samples, as determined 
by Dns-Cl and OPA derivatisation methods. Samples were taken in triplicate, mean and 
standard deviation (SD) shown. Results were compared by Student’s t-test: paired results 
marked with ‘a’ were not statistically different (p > 0.05), those marked with ‘b’ were not 
statistically different (p > 0.001), the results marked with ‘c’ were statistically different 
(p < 0.001). NA refers to not applicable as the OPA method was unable to detect 
spermine. 
Biogenic amine Meal 1 (ppm) 
 
Dns-Cl OPA 
 Mean SD Mean SD 
Histamine 5.00a 2.50 7.46a 0.46 
Spermine 12.68 0.74 NA NA 
Spermidine 14.87b 0.88 19.13b 0.68 
Tyramine 20.54c 0.93 25.84c 0.22 
Putrescine 29.12a 0.22 29.99a 1.12 
Cadaverine 50.96a 0.74 50.95a 2.66 
Tryptamine 3.87a 0.43 3.45a 0.58 
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Biogenic amine Meal 2 (ppm) 
 
Dns-Cl OPA 
 Mean SD Mean SD 
Histamine 7.10a 0.94 7.46a 0.46 
Spermine 14.13 0.32 NA NA 
Spermidine 14.34b 1.79 17.62b 0.86 
Tyramine 22.83a 0.20 26.13a 3.15 
Putrescine 31.76a 2.67 31.78a 0.29 
Cadaverine 57.47b 3.40 50.95b 0.80 
Tryptamine 3.66a 0.51 3.24a 0.11 
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Biogenic amine Meal 3 (ppm) 
 
Dns-Cl OPA 
 Mean SD Mean SD 
Histamine 7.22a 6.20 8.06a 0.46 
Spermine 18.87 5.76 NA NA 
Spermidine 16.49a 2.91 18.64a 0.25 
Tyramine 31.03a 7.22 34.52a 0.60 
Putrescine 44.53b 6.69 29.29b 0.40 
Cadaverine 84.86b 11.28 66.05b 0.83 
Tryptamine 4.24a 0.98 3.83a 0.07 
 
Looking at the biogenic amine concentrations within the meat meal samples, tyramine, 
putrescine and cadaverine were at levels above 15 ppm for all samples. These three 
biogenic amines, along with histamine are the ones predominately found in meat [105]. 
While histamine levels are below the allowed limit of 200 ppm, results indicate the 
presence of biogenic amines developing within samples used in pet foods. 
Applying the methods to alternative sample types 
Kibble and digest samples, which are other sample types commonly encountered in the 
pet food industry, were also analysed using the two derivatisation techniques. The results 
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are shown in Tables 2.18 and 2.19. Digest samples did not compare well. This sample 
type does affect the pH of the solution during extraction, which is an important factor for 
both derivatisation reactions. The separation was also more complex for the OPA 
derivatisation.  Based on this, digest samples should not be analysed with these methods 
until further investigation has been completed on pH adjustment of these samples. In most 
cases the kibble samples produced a higher concentration with the OPA method when 
compared to the Dns-Cl derivatisation. Kibble is a more complex sample type than meal. 
The extraction process is also more involved, with crushing required to break through the 
coating to test the core and increase surface area. The OPA and Dns-Cl methods being 
compared were developed around meat meal samples and may require further adaptations 
to produce comparable results for kibble samples. 
Table 2.18: Comparison of OPA and Dns-Cl methods for determining the concentration 
in ppm of biogenic amines within digest samples. 
 Digest 1 Digest 2 Digest 3 
Biogenic amine Dns-Cl OPA Dns-Cl OPA Dns-Cl OPA 
Histamine 7.21 24.63 4.33 19.60 4.21 24.63 
Spermine 20.85 NA 4.41 NA 8.76 NA 
Spermidine 7.81 10.19 4.92 5.54 6.03 15.61 
Tyramine 6.39 6.00 2.13 1.73 5.46 3.92 
Putrescine 27.35 3.48 3.90 2.33 17.50 3.17 
Cadaverine 19.81 2.88 3.77 0.62 17.32 11.63 
Tryptamine 2.58 2.14 8.03 0.41 0.96 0.99 
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Table 2.19: Comparison of OPA and Dns-Cl methods for determining the concentration 
in ppm of biogenic amines within kibble samples. 
 Kibble 1 Kibble 2 Kibble 3 
Biogenic amine Dns-Cl OPA Dns-Cl OPA Dns-Cl OPA 
Histamine 8.43 22.13 5.18 27.17 10.34 29.07 
Spermine 3.28 NA 2.84 NA 3.00 NA 
Spermidine 7.19 7.33 3.72 8.22 4.60 10.13 
Tyramine 8.15 12.45 14.64 29.75 26.13 35.87 
Putrescine 8.56 9.15 8.24 13.44 12.00 13.20 
Cadaverine 17.95 16.39 13.80 17.17 14.88 16.22 
Tryptamine 1.68 2.06 2.78 5.19 2.72 7.69 
Conclusion 
The OPA derivatisation method allowed for simple and sensitive detection of biogenic 
amines through online automation. This reduced initial reagent volumes and solvent 
waste which allowed for a more cost effective and environmentally friendly approach to 
other methods. The HPLC injector program utilises an instrument that is already 
commonplace, which means further equipment does not need to be purchased. It also 
reduces the likelihood of human error. The use of a buffer could be problematic for 
industry scale, as it would require greater maintenance to ensure salts are washed away 
to prevent blockages or column lifetime reduction. The method was also unable to detect 
spermine and produces a larger number of unwanted peaks, so could require further 
sample clean up to avoid potential interference. 
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The Dns-Cl derivatisation method could detect all biogenic amines at a sensitive level. 
The ability to automate this method using the sample preparation workbench allowed for 
a significant reduction in analysis time and reagent use. While the volumes required for 
the process were not as cost effective as those used for OPA, the method did not produce 
excess peaks and involved more instrument friendly mobile phases (acetonitrile and 
deionised water). Although extra equipment is required for this method, it is a one-off 
cost and this cost may be outweighed by the advantages. Lastly both methods proved 
comparable for detecting the biogenic amines within a pet food sample. However, further 
inter-lab analysis is required to determine the accuracy of the calculated concentrations, 
especially where there has been disparity between the two methods. 
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CHAPTER THREE: DETERMINING ANTIOXIDANT ACTIVITY OF 
NATURAL FATTY ACID ASCOBYL ESTERS  
 
1. Introduction 
2. Experimental 
3. Results and Discussion 
4. Conclusions 
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Introduction 
Polyunsaturated fatty acids, such as omega-3, have been shown to improve health in 
humans by treatment of diseases including neoplasia, dermatologic disease, 
hyperlipidemia, cardiovascular disease, renal disease, gastrointestinal disease and 
orthopaedic diseases as mentioned in a recent review [19]. Unfortunately, these unstable 
fatty acids can readily undergo lipid oxidation, which is often through the reaction of 
oxygen with fatty acids, resulting in rancid and harmful products [35]. The shelf life of 
food can be extended by addition of antioxidants – reducing substances that react with 
oxygen and other oxidants, inhibiting and slowing the progress of oxidation [40]. 
Antioxidants can be classified as natural or synthetic, depending on how they are made, 
with the former being more widely accepted for use in food products [211]. Research has 
focussed on negative effects of synthetic antioxidants and positive effects obtained from 
natural antioxidant consumption [69]. Synthetic antioxidants are very effective and highly 
stable however some have the potential for undesired effects and are therefore regulated 
in some countries [212]. For this reason there is an increased interest in obtaining natural 
antioxidants [212]. There is also a need for antioxidants capable of keeping fish oils more 
stable than current antioxidant mixtures employed in industry.  
There are a range of methods employed for antioxidant detection, including simple, 
widely used in vitro methods such as 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), trolox equivalent antioxidant 
capacity (TEAC), ferric reducing antioxidant power (FRAP) and oxygen radical 
absorbance capacity (ORAC). These methods measure total antioxidant activity using 
ultraviolet visible (UV-Vis) spectroscopy [75, 213]. DPPH is the current assay most often 
used for radical scavenging; the DPPH radical is reduced by the antioxidant, resulting in 
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a colour change, and the absorbance decrease is observed using ultraviolet visible 
(UV-Vis) spectroscopy [70]. The decrease in radical concentration has also been 
quantified through EPR methods [74, 76] and chemiluminescence [77, 78] systems 
including the quenching of luminol chemiluminescence [79] and reaction with the 
enhanced potassium permanganate reagent [80]. Higher antioxidant activity should result 
in a larger decrease in radical concentration. 
An alternative approach is to detect intermediates formed from the lipid oxidation process 
such as hydroperoxides and secondary by-products. Methods used for this include; the 
American Oil Chemists’ Society (AOCS) peroxide value (PV) method and the ferrous 
oxidation-xylenol orange (FOX) assay to detect hydroperoxides, the Rancimat 
accelerated oxidation method which calculates the induction period (IP) based on 
volatiles formed, and quantitative methods such as gas chromatography (GC) and mass 
spectrometry (MS) for detection of a wide range of by-products [34]. Higher antioxidant 
activity should result in a decrease in oxidation products. 
Storage studies, used to analyse the change in a sample over time, under normal storage 
conditions is time consuming [214]. Accelerated shelf life testing (ASLT) can be 
performed to overcome this problem. This is where a sample is heated to increase the rate 
of degradation compared to if the sample was left in its usual storage conditions. By doing 
so a sample can be tested for its stability in a shortened timeframe with calculations made 
to determine the product’s expiration. The Arrhenius plot can be used to analyse 
temperature effects on the chemical reaction rate [215]. It can also be used to determine 
the temperature accelerator factor, Q10, used by many researchers in the food field who 
often assume Q10 is equal to 2 [215, 216]. Scheme 3.1 shows the equation for Q10, where 
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T equals temperature. It is based on the increased oxidation rate from a 10°C increase in 
temperature [216].  
Q10 = (shelf life testing at T) / (Shelf life testing at T + 10) 
Scheme 3.1: Temperature accelerator factor, adopted from Frankel [216]. 
The AOCS has a method in place for accelerated aging of oils through heat [217]. This 
approach can include testing of the hydroperoxides formed through the AOCS PV, 
oxidative by-products by GC, antioxidants present by high performance liquid 
chromatography (HPLC) or any other methods that provide information on the product’s 
stability. This technique allows for a more accurate representation of how the antioxidants 
behave within the real sample medium being treated which is not always accounted for 
when using other analytical methods to test antioxidant activity.  
This chapter will investigate the antioxidant activity of a new set of naturally synthesised 
products, using a variety of methods. The techniques used include antioxidant activity 
using the DPPH radical method, chemiluminescence, the Rancimat and a storage study. 
The reason for multiple tests is that antioxidants behave differently in vitro compared to 
in vivo, because of factors such as radical type, solvent, temperature and light [218]. Each 
method also has its own advantages and disadvantages. By using multiple methods, a 
more comprehensive understanding of the product’s antioxidant activity can be gained. It 
is hoped these recently synthesised fatty acid ascorbyl esters, will act as antioxidants and 
may increase stability of unstable fish oils, as current antioxidant treatments are not 
adequate. Results showed antioxidant activity of the fatty acid ascorbyl esters, however 
the compounds could not be ranked, as each method showed different relative activities 
regarding the ability to act as an antioxidant. 
106 
 
Experimental 
Chemicals and reagents 
The enzymatically synthesised fatty acid ascorbyl esters to be investigated in this chapter, 
were supplied by Dr Taiwo Akanbi (Deakin University). Methanol, iso-octane and 
potassium permanganate was supplied by Chem-supply (South Australia, Australia). 
Ethyl acetate and sulfuric acid was supplied by Merck (Victoria, Australia). Glacial acetic 
acid from VWR was supplied by Bio-strategy (Victoria, Australia). Tuna oil was provided 
by Lipa Pharmaceuticals Pty. Ltd. (New South Wales, Australia) and kept at -80 °C and 
purged with nitrogen before and after opening. Potassium iodide, sodium dodecyl sulfate 
(SDS), sodium thiosulfate solution (0.002 N), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 
2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl, sodium polyphosphate and ascorbyl 
palmitate standard were supplied by Sigma-Aldrich (New South Wales, Australia). 
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay 
2,2-diphenyl-1-picrylhydrazyl (DPPH) was prepared at 200 µM in HPLC grade 
methanol. 1 ml of the DPPH stock solution was combined with 1 ml of sample, leaving a 
final DPPH concentration of 100 µM. Samples were mixed, let sit for 30 minutes in the 
dark at room temperature and then analysed at 517 nm using a UV-vis spectrometer (Cary 
300 Bio UV-Vis spectrometer). 
Antioxidants 
The fatty acid ascorbyl esters, were synthesised enzymatically by Dr Taiwo Akanbi. The 
fatty acids used were decanoic, eicosapentaenoic, lauric, myristic, oleic, octanoic and 
stearic acids, all conjugated with ascorbic acid resulting in ascorbyl decanoate, ascorbyl 
EPA, ascorbyl laurate, ascorbyl myristate, ascorbyl oleate, ascorbyl octanoate and 
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ascorbyl stearate respectively. Dr Taiwo Akanbi confirmed the synthesis of ascorbyl 
palmitate by comparing its retention time to the ascorbyl palmitate standard on 
NP-HPLC. The fatty acid ascorbyl esters were prepared in 100 % methanol (0.5 mg/ml) 
for high resolution mass spectrometry (HRMS), chemiluminescence flow injection 
analysis (FIA) and DPPH analysis.  
Chemiluminescence 
The acidic potassium permanganate reagent was prepared according to Francis et al. [80]. 
The potassium permanganate was made up to 5 × 10-4 M (0.5 mM) in deionised water 
with 1% (m/v) sodium polyphosphate and adjusted to pH 2 with sulfuric acid. 
Instrumentation 
High resolution mass spectrometry (HRMS) 
The molecular weights of the synthesised fatty acid ascorbyl esters were determined using 
an Agilent (Victoria, Australia) electrospray ionisation time-of-flight (ESI-TOF) mass 
spectrometer. The parameters included a detector temperature of 325 °C, capillary 
voltage 0.008 µA, nitrogen flow rate of 7 l/min and nebuliser 35 psi. All samples analysed 
were prepared in methanol. The data collected was as follows: ascorbyl palmitate HRMS 
(ESI, m/z) [C22H39O7 + H]+ calculated 415.2690, found m/z 415.26210; ascorbyl EPA 
HRMS (ESI, m/z) [C26H37O7 + H]+ calculated 461.2534, found m/z 461.25826; ascorbyl 
laurate HRMS (ESI, m/z) [C18H31O7 + H]+ calculated 359.2064, found m/z 359.20441; 
ascorbyl octanoate HRMS (ESI, m/z) [C14H23O7 + H]+ calculated 303.1438, found m/z 
303.14343; ascorbyl decanoate HRMS (ESI, m/z) [C16H27O7 + H]+ calculated 331.1751, 
found m/z 331.17054; ascorbyl stearate HRMS (ESI, m/z) [C24H43O7 + H]+ calculated 
443.3003, found m/z 443.29354; ascorbyl myristate HRMS (ESI, m/z) [C20H35O7 + H]+ 
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calculated 387.2377, found m/z 387.24307; ascorbyl oleate HRMS (ESI, m/z) [C24H41O7 
+ H]+ calculated 441.2847, found m/z 441.28528. These masses were all consistent with 
the predicted masses of the synthesised compounds. 
Ultraviolet-visible (UV) spectroscopy 
UV spectroscopy was completed on a Cary 300 Bio UV-Vis spectrometer (Varian 
Australia, Victoria) using a 1 cm plastic cuvette at a scan rate of 600 nm/min with the 
wavelength set at 517 nm. 
Flow injection analysis (FIA) 
A simple two-line FIA manifold (Figure 3.1) was employed for the chemiluminescence 
detection of antioxidant standards. The reagent and carrier solutions were propelled 
through PVC pump tubing (1.02 mm i.d.; DKSH, Queensland, Australia) and PTFE 
tubing (0.76 mm i.d.; Global FIA, Washington, USA) using a Gilson Minipuls 3 
Peristaltic pump (John Morris Scientific, Victoria, Australia). 70 µm of sample was 
injected into the carrier stream via a six-port injection valve (Vici 04 W-0192L, Valco 
Instruments, Texas, USA) which proceeded to merge with the reagent immediately prior 
to detection. Light-tight housing containing a flow cell consisting of Teflon tubing tightly 
coiled onto an aluminium plate and PMT module (Electron Tubes P30A-05, ETP, New 
South Wales, Australia) had black PTFE tubing entering and exiting the detection zone. 
The output signals were recorded via an 'e-corder 410' data acquisition system (eDAQ, 
New South Wales, Australia) to measure peak height.  
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Figure 3.1 Two-line FIA manifold where the sample is injected into the carrier stream 
which merges and mixes with the reagent in front of the PMT, adapted from Harris [67]. 
Rancimat 
The Metrohm 743 Rancimat (Herison, Switzerland) determined the induction period (IP), 
recorded as the oxidative stability index (OSI), for oils treated with conjugated fatty acids. 
Approximately 5.00 grams of oil was weighed into a new test tube. The temperature was 
set to 110 °C with an air flow rate of 9 L/h. Analysis was completed in duplicate for the 
conjugated fatty acids under investigation. The samples were prepared by treating 3 g of 
tuna oil with 2 % (w/w) of the conjugated fatty acids. Tuna oil was kept at – 80 ºC until 
required and then allowed to reach ambient temperature for treatment. 
Storage study conditions 
For the storage study, tuna oil was treated with 350 ppm of the fatty acid ascorbyl ester 
under investigation. The oils were held in a covered 100 ml Schott bottle throughout the 
study and stored at either 37 °C or 60 °C to vary oxidation conditions. Samples were 
analysed daily with the AOCS PV, to determine hydroperoxides, and a gas 
chromatography (GC) method, to quantify the oxidative by-product 2,4-decadienal.  
PMT 
Waste 
Amplifier eDAQ 
Reagent 
Carrier 
Pump 
Injector 
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American Oil Chemists’ Society (AOCS) peroxide value (PV) 
Analysis of the hydroperoxides was performed following the AOCS PV method with 
slight modifications [43]. 5 g of oil combined with 50 ml acetic acid-isooctane solution 
(3:2 (v/v)) was stirred and 500 µl of saturated potassium iodide solution in deionised 
water, prepared fresh on the day of analysis, was added. After 1 minute (timed), 30 ml of 
deionised water was added to stop the reaction. 500 µl of 10 % (m/v) SDS solution was 
added to the solution followed by titration with 0.002 N sodium thiosulfate solution on 
an auto-titrator (Mettler). 
Gas chromatography (GC) 
Analysis of 2,4-decadienal was completed on an Agilent 7890 gas chromatography (GC) 
instrument using an accredited method with ethyl acetate employed for sample extraction. 
Results and discussion 
Fatty acid ascorbyl esters were synthesised enzymatically in our laboratory in an attempt 
to produce new natural antioxidants as replacements for widely used synthetically 
produced ascorbyl palmitate and related oil soluble forms of ascorbic acid. The fatty acids 
conjugated with the ascorbic acid were decanoic, eicosapentaenoic, lauric, myristic, oleic, 
octanoic and stearic acids. Structures of the synthesised compounds are shown in Figure 
3.2. As fish oil contains polyunsaturated fatty acids, which are highly unstable, the 
intended use of these products is to be able to treat these oils. The purpose of this research 
was to determine if these newly formed products could act as antioxidants and if so, how 
they would act within fish oil. The techniques investigated for this purpose were DPPH, 
the Rancimat and storage study. DPPH was compared with potassium permanganate 
chemiluminescence as an alternative method for determining the antioxidant activity. The 
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Rancimat was used for determining if a delay in the induction period may be produced 
when treating fish oil with the fatty acid ascorbyl esters. Lastly a storage study allowed 
for the fatty acid ascorbyl esters to be analysed within intended fish oil. This chapter 
discusses these techniques below. 
 
Figure 3.2: Structures of the naturally synthesised fatty acid ascorbyl esters. 
 
Ascorbyl decanoate 
Ascorbyl EPA 
Ascorbyl laurate 
Ascorbyl myristate 
Ascorbyl octanoate 
Ascorbyl palmitate 
Ascorbyl oleate 
Ascorbyl stearate 
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DPPH antioxidant activity 
This technique is often used to assess antioxidant activity and was therefore included in 
the analysis of the fatty acid ascorbyl esters. The 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
method with UV-vis spectroscopy is often used for determining antioxidant activity [74, 
219, 220]. A DPPH derivative, 2,2-di(4-tert-octylphenyl)-1-picrylhydrazyl, has also been 
used [221, 222]. This stable reagent labelled “waxy DPPH” has close spectral properties 
to DPPH, dissolves in common organic solvents and also has no identified hazards [223]. 
For this reason, both were used during analysis to determine if there would be significant 
differences in results. Studies employing the DPPH antioxidant method have used varying 
concentrations of DPPH, from 22.5 to 250 µM [220]. According to Sharma and Bhat 
[220], the DPPH concentration should be 25 to 70 µM to fall within the accuracy range 
for spectrophotometric measurements. More recently Schaich et al. stated the DPPH 
stock solution is generally diluted to provide an absorbance of approximately one, which 
is a concentration of around 100 µM [224]. Based on this, a 200 µM stock solution of 
DPPH or the DPPH derivative was prepared in methanol. A calibration of the DPPH and 
DPPH derivative was prepared by diluting the stock solutions with methanol to determine 
the absorbance at different concentrations. The calibrations are shown in Figure 3.3. 
Results indicate that DPPH and the DPPH derivative have an absorbance close to one 
when at a concentration of 100 µM, as suggested. The R2 values for the calibrations over 
the range of 0 - 200 µM were similar at 0.9981 and 0.9993 for DPPH and DPPH derivative 
respectively.  
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Figure 3.3: DPPH and DPPH derivative calibrations, measured at 517 nm for absorbance 
versus concentration after 30 minutes of incubation. Stock solutions were diluted in 
methanol. 
From the data, DPPH or the DPPH derivative could be prepared at 200 µM in methanol 
for the stock solution. This was combined with equal parts of the sample solution for 
UV-vis analysis. The colour change of DPPH stock solutions when diluted in methanol 
is shown in Figure 3.4. 
 
Figure 3.4: Change in colour of DPPH upon dilution of the stock solution in methanol 
with the concentrations varying from 200 µl on left to 25 µl on right. 
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The DPPH antioxidant assay involves combining the antioxidant sample with the DPPH 
radical solution and waiting 30 minutes before measuring the absorbance at 517 nm. As 
such, the stability of this reagent was tested to ensure this would not be a factor affecting 
the analysis procedure. The outcome is shown in Figure 3.5 with DPPH and its derivative 
both shown to be stable over the 30 minute period  
 
Figure 3.5: DPPH and DPPH derivative stability. Both reagents prepared at 100 µM in 
methanol, placed in a 3 ml cuvette and absorbance measured at 517 nm every minute for 
30 minutes. 
Calculating the antioxidant activity for the DPPH method is often completed using the 
half-maximal effective concentration (EC50). This is the antioxidant concentration 
required to scavenge 50% of the DPPH radicals [225]. The EC50 was determined for the 
compounds under investigation. Figure 3.6 shows examples of the DPPH scavenging 
behaviour of the compounds ascorbyl EPA and ascorbyl myristate. 
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Figure 3.6: % Scavenging calibration data for (a) ascorbyl EPA and (b) ascorbyl 
myristate. 
The EC50 results are shown in Tables 3.1 (a) and (b). The antioxidant standards 
(Table 3.1 (a)), ascorbic acid and ascorbyl palmitate, produced similar DPPH EC50 
results of 30.20 and 29.55 µM, respectively. Comparing these values with those using the 
DPPH derivative also produced close EC50 values demonstrating the ability to use either 
radical for this method. For the fatty acid ascorbyl esters shown in Table 3.1 (b), ascorbyl 
EPA and ascorbyl oleate produced the lowest EC50 values at 8.4 µM and 16.0 µM 
respectively. The lower value indicates greater antioxidant activity. Ascorbyl EPA and 
ascorbyl oleate contain at least one double bond in the carbon chain whereas the other 
compounds under investigation do not. The EC50 results for ascorbyl stearate, ascorbyl 
decanoate, ascorbyl myristate and ascorbyl palmitate were comparable with values 
between 26.4 and 29.7. The ascorbyl esters of the saturated fatty acids did not show trends 
regarding chain length and antioxidant activity. The synthesised ascorbyl palmitate 
compared well to the standard ascorbyl palmitate, with both producing results close to 
30 µM. This result was also comparable to ascorbic acid which is a starting product of 
the ascorbyl palmitate produced for this work. Ascorbyl laurate demonstrated less 
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antioxidant activity compared to ascorbic acid based on the higher EC50 value of 
50.7 µM. 
Table 3.1: DPPH EC50 values for (a) ascorbic acid and ascorbyl palmitate standards and 
(b) fatty acid ascorbyl esters. 
(a) 
Antioxidant 
standards 
Radical 
Conc. range 
(µM) 
Calibration R² 
EC50 
(µM) 
ascorbic acid DPPH 0 - 50 
y = 1.7005x - 
1.3624 
0.988 30.2 
 DPPH 
derivative 
0 - 50 
y = 2.1434x - 
7.5853 
0.995 26.9 
ascorbyl 
palmitate 
DPPH 0 - 50 
y = 1.8245x - 
3.9113 
0.987 29.6 
 DPPH 
derivative 
0 - 50 
y = 2.1354x - 
10.262 
0.993 28.2 
(b) 
Antioxidant 
Conc. range 
(µM) 
Calibration R² 
EC50 
(µM) 
FFA chain 
length 
ascorbyl EPA 0 - 15 
y = 5.7712x + 
1.4986 
0.996 8.4 
20 (5 double 
bonds) 
ascorbyl oleate 0 - 30 
y = 2.7613x + 
5.9058 
0.998 16.0 
18 (1 double 
bond) 
ascorbyl 
octanoate 
0 - 40 
y = 2.4984x + 
2.1361 
0.984 19.2 8 
ascorbyl 
stearate 
0 - 40 
y = 1.7556x + 
3.5804 
0.998 26.4 18 
ascorbyl 
decanoate 
0 - 40 
y = 1.7025x + 
4.9366 
0.998 26.5 10 
ascorbyl 
myristate 
0 - 40 
y = 1.5966x + 
4.1827 
0.997 28.7 14 
ascorbyl 
palmitate 
0 - 40 
y = 1.678x - 
0.2006 
0.997 29.7 16 
ascorbyl laurate 0 - 50 
y = 0.9727x + 
0.6552 
0.996 50.7 12 
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Due to the varying parameters used in research articles employing this technique, 
comparisons between the obtained EC50 values with literature values was not undertaken 
[225]. The EC50 values were obtained to compare the two radical reagents and to 
determine the best concentration to prepare the naturally synthesised antioxidants for 
further comparisons. Based on the EC50 values obtained, the naturally synthesised 
products were prepared at 30 µM for comparison of antioxidant activity to one another as 
shown in Figure 3.7. The results for the percentage scavenging at 30 µM followed the 
same trend as the EC50 values. A greater scavenging percentage was shown for ascorbyl 
EPA and ascorbyl oleate with scavenging values above 85 %. The higher the scavenging 
percentage the better the antioxidant ability. At 30 µM, ascorbyl laurate produced the 
lowest scavenging percentage by almost 20 %. Ascorbyl laurate produced the highest 
EC50 value by almost 20 µM more than the next greatest, ascorbyl palmitate. The 
scavenging percentage for ascorbyl palmitate was close to other ascorbyl ester fatty acids 
which was also shown for the EC50 values. This demonstrates consistency in the results 
when using alternative approaches with DPPH. The R2 value when comparing DPPH to 
its derivative produced a value of 0.7424 (Figure 3.7 (b)). A closer R2 value would be 
preferred if using these two alternative radicals to obtain the same information. The stable 
DPPH derivative still requires daily preparation like DPPH and is more expensive so will 
not be used further.  
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Figure 3.7: Calculated scavenging percentages for synthesised products tested at 30 µM 
in methanol with DPPH and the DPPH derivative for comparison purposes. Values are 
the mean of duplicate determinations. Figure (a) shows the signals achieved with the two 
methods side by side, while Figure (b) is the signals detected in each method plotted 
against each other to determine the correlation. 
(a) 
(b) 
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Chemiluminescence detection 
Like many methods there are disadvantages with antioxidant activity analysed via DPPH. 
For example it is not recommended for comparing antioxidants with unknown structures 
and there is no standard procedure in place [224]. This is problematic when comparing 
results to published literature. The reaction kinetics can be fast, slow and/or continuous 
depending on the antioxidants, this can result in lower antioxidant activity when using the 
DPPH method [70]. For these reasons, it is advantageous to use multiple techniques when 
assessing a compound’s ability to act as an antioxidant. Suggestions have also been made 
about using more than one method for evaluating the antioxidant capacity of a sample 
[70]. In this work, a potassium permanganate chemiluminescence method was also 
applied and compared to the results of the DPPH assay. The chemiluminescence 
technique is beneficial as it is rapid, simple and sensitive. Potassium permanganate 
chemiluminescence has also been shown to correlate well with DPPH antioxidant activity 
[80]. This work was no exception, when the two techniques were compared for the 
analysis of the synthesised products as shown in Figure 3.8. Potassium permanganate was 
prepared at 0.5 mM with 1 % polyphosphate and the pH adjusted to 2.0, as these 
conditions were used previously used for antioxidant detection [80, 86]. All fatty acid 
ascorbyl esters reacted with the chemiluminescence reagent therefore modifications did 
not need to be made to the reagent preparation. Both methods were completed at an 
antioxidant concentration of 30 µM. An R2 value of 0.9528 suggests good agreement 
between the two methods (Figure 3.8 (b)). 
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Figure 3.8: Fatty acid ascorbyl esters were prepared at 30 µM in methanol and tested 
with DPPH and potassium permanganate chemiluminescence. Values are the mean of 
duplicate determinations. Figure (a) shows the signals achieved with the two methods 
side by side, while Figure (b) is the signals detected in each method plotted against each 
other to determine the correlation. 
(a) 
(b) 
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Rancimat 
So far, the two techniques used to determine the synthesised products’ abilities to act as 
antioxidants involved testing the products within solvent. This does not show how the 
products may behave within the sample type they are intended to treat. The next step was 
to treat tuna oil with the compounds and use methods that can detect the effect they have 
on the oil’s stability. The oxidative stability, determined by Rancimat, is a common 
technique for this purpose. It involves heating and pumping air through oil samples to 
instigate oxidation; the volatile oxidation products formed then flow into an absorption 
solution (deionised water) and the conductivity of water is measured as an indication of 
the amount of volatile compounds present. After the induction period (IP), where 
oxidation proceeds slowly, the sample begins to rapidly oxidise and this end point is used 
for determining the sample’s oxidative stability [212]. All samples produced a higher IP 
when compared to the control as shown in Table 3.2. This means all treated tuna oils 
outperformed the untreated control as a longer IP indicates greater stability, as the sample 
resists oxidation for a longer period of time. Interestingly the ascorbyl palmitate standard 
resulted in the second shortest IP (13.4 hours) whereas the synthesised ascorbyl palmitate 
produced the longest IP of 31.14 hours. This was contrary to the results of the DPPH and 
chemiluminescence antioxidant assays, where the two compounds were found to behave 
similarly. This may be attributed to a difference in the structures. It is speculated that the 
palmitic acid attaches to a different section of the ascorbic acid when enzymatically 
synthesised compared to the ascorbyl palmitate available for purchase. It also 
demonstrates how an antioxidant can behave differently depending on the environment it 
is in. The IP for an ascorbic acid standard is also shown in Table 3.2. This produced a 
higher result compared to ascorbyl laurate and ascorbyl decanoate which suggests 
conjugating ascorbic acid with either of these two fatty acids does not further improve the 
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antioxidant ability. The fatty acids containing double bonds performed well in this 
method, consistent with the results from the DPPH and chemiluminescence methods. No 
obvious pattern was observed between the free fatty acid chain length and ability to act 
as an antioxidant in these results. 
Table 3.2: IP for tuna oil treated with various fatty acid ascorbyl esters, determined using 
the Rancimat technique. Chain length of the esterified FFAs is also given. 
Sample IP (hours) FFA chain length 
Control (no treatment) 13.40 - 
ascorbyl palmitate -standard 19.86 16 
ascorbyl laurate 20.03 12 
ascorbyl decanoate 21.55 10 
ascorbic acid 23.64 - 
ascorbyl EPA 24.26 20 (double bond) 
ascorbyl stearate 25.30 18 
ascorbyl oleate 25.59 18 (double bond) 
ascorbyl octanoate 26.03 8 
ascorbyl palmitate -synthesised 31.14 16 
 
Again, it is important to use more than one method for determining the antioxidant ability 
as using high temperatures to accelerate oxidation as used for the Rancimat testing can 
produce misleading results [226]. This is because different mechanisms for the oxidation 
reaction can occur at higher temperatures compared to storage temperatures [211], and 
the stability prediction may be overestimated as it does not detect the earlier products 
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formed in lipid oxidation [58]. For this reason, storage studies were also performed. This 
allows for real samples to be treated with the potential antioxidant products and the 
oxidation process accelerated at a lower temperature than the Rancimat. 
Storage study 
Lastly, a storage study following AOCS guidelines was completed with fresh untreated 
tuna oil. This oil started with a low peroxide value of 3.32 meq/kg and was tested for 
naturally occurring tocopherols with results showing no treatment on the oil. Storage 
studies are often conducted in industry to determine the shelf life of a product. They are 
often carried out at higher temperatures to accelerate degradation and reduce the time 
required for the study. Storage studies give an indication of the antioxidant’s ability to 
keep a product stable over time within the intended sample matrix. Following the AOCS 
guidelines, tuna oil samples were treated with 350 ppm of each antioxidant or left 
untreated, for the control, and stored at 37 and 60 °C [217]. The procedure followed 
recommends temperatures below 80 °C as above this results in different lipid oxidation 
mechanisms [211]. Samples of the oil were collected daily and analysed for the peroxide 
value and oxidative by-product 2,4-decadienal. Once the IP was reached, samples were 
analysed less often. The results for the storage study at 37 °C are shown in Figure 3.9.  
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Figure 3.9: Changes in (a) peroxide value, and (b) oxidative by-product, 2,4-decadienal, 
measured over time for an accelerated storage study with tuna oil heated at 37 °C. 
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Figure 3.10: Changes in (a) peroxide value, and (b) oxidative by-product, 2,4-decadienal, 
measured over time for an accelerated storage study with tuna oil heated at 60 °C. 
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Lipid oxidation can be seen through the increase in peroxide value and is supported by 
an increase in oxidative by-products. After day 4 at 37 °C, the control was regarded as 
'off' based on having a PV above 20 meq/kg [227]. By this time, the remaining oils had 
passed the IP and were beginning to rapidly increase in both PV and oxidative 
by-products. Analysis was completed every second day here after with testing stopped 
once all the PVs had exceeded 20 meq/kg. Samples were quick to exceed this value with 
analysis complete after 12 days at 37 °C. This is because tuna oil consists of large amounts 
of polyunsaturated fatty acids (PUFA) and will therefore readily undergo lipid oxidation 
[228]. The majority of treated oil samples were stable at day 6, considering the Arrhenius 
plot where the rate of the reaction doubles for every 10 ºC, if the samples were kept at 
20 ºC they would be stable at day 20.4. The oxidative data on day four for all samples 
resulted in a one-day delay between sample preparation and GC analysis because of 
unforeseen equipment failure. This is the reason for the AOCS PV results not increasing 
to the same extent. The ascorbyl palmitates, both synthesised and purchased, were most 
effective at improving oxidative stability, ‘going off’ at day 12. Ascorbyl decanoate and 
ascorbyl myristate exceeded 20 meq/kg on day 10, while ascorbyl laurate, ascorbyl oleate, 
ascorbyl octanoate and ascorbyl stearate took 8 days along with the ascorbic acid 
standard. The double bond present in the ascorbyl oleate structure did not lead to differing 
results when compared with ascorbyl stearate which contains the same number of carbons 
in its chain; this was also observed in the Rancimat results. Ascorbyl EPA resulted in the 
least improvement in oil stability, with the oil ‘off’ by day 6. This may be due to the 
double bonds contained in its structure as this results in reduced stability as hydrogen 
abstraction is more likely to occur. Overall the treated oil samples performed better when 
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compared with the control, further indicating that these synthesised products could act as 
antioxidants.  
The accelerated storage study was also completed at 60 °C (Figure 3.10). This higher 
temperature was chosen to reduce the time spent to initiate lipid oxidation. However, this 
lead to a rapid decline in sample stability with  all samples shown to be off by day 6. The 
peroxide values were above 30 meq/kg and decadienal concentrations were greater than 
15 ppm. Due to the rapid degradation at this temperature, trends could not be easily 
observed but it did show all treated samples performed better than the control, once again 
demonstrating the antioxidant ability of these newly synthesised products. This approach 
for determining lipid oxidation is expensive due to the analytical techniques involved. It 
is also a time-consuming practise compared to other methods for measuring antioxidant 
activity. 
Conclusion 
The products synthesised clearly show an ability to act as antioxidants. Each analysis 
method produced different trends in terms of which synthesised product was most 
effective, which is not surprising as antioxidants can act differently in keeping foods 
stable. For this reason, no trends could be established from the data in relation to the 
structure and best performers. The DPPH method, which correlated well with potassium 
permanganate chemiluminescence, showed ascorbyl EPA and ascorbyl oleate to have 
greater antioxidant activity compared to the remaining products under investigation. Both 
contain double bonds in their free fatty acid chains. This was based on the low EC50 
values and high scavenging percentage. These methods involved investigating the 
antioxidant ability of potential antioxidants in organic solvent (methanol) rather than in a 
real sample matrix. 
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Testing the products under investigation within tuna oil using the Rancimat technique 
showed all treated oils outperformed the control. Ascorbyl EPA, ascorbyl stearate, 
ascorbyl oleate, ascorbyl octanoate and synthesised ascorbyl palmitate were better at 
resisting oxidation than ascorbic acid based on the similar long IPs. Again, those 
containing double bonds in the fatty acid chain showed good antioxidant ability. This 
method runs samples at high temperatures to reduce analysis time which is not necessarily 
an accurate representation of lipid oxidation. 
Results from the storage study at 37 ºC also proved the products under investigation act 
as antioxidants with all treated tuna oil samples more stable over time than the control. In 
this instance, ascorbyl EPA and ascorbyl stearate were not far behind the control in 
reaching a PV of 20 meq/kg, and being regarded as ‘off’. The 2,4-decadienal 
concentration correlated well with the AOCS PV during the storage study. Further work 
into the antioxidant mechanisms of the products under investigation is required to further 
understand their antioxidant ability.   
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CHAPTER FOUR: SIMULTANEOUS ANTIOXIDANT DETECTION USING 
MODIFIED POTASSIUM PERMANGANATE CHEMILUMINESCENCE 
 
1. Introduction 
2. Experimental 
3. Results and Discussion 
4. Conclusions 
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Introduction 
Chemiluminescence, the production of light from a chemical reaction, is often employed 
for detecting antioxidants [77, 94, 229, 230]. Potassium permanganate and 
manganese(IV) are two chemiluminescence reagents that react with these analytes in 
different ways. One of the many advantages of chemiluminescence is its selectivity [231]. 
This can also be a downfall because not all analytes within a group will necessarily react. 
Previous research has demonstrated how the reagent conditions can be manipulated to 
improve signal responses for particular analytes [232].  
Like many food products, pet foods can contain antioxidant treatments to improve 
stability [9]. In most instances the treatments are either a mixture of synthetic antioxidants 
or of natural antioxidants. Synthetic antioxidants include butylated hydroxytoluene 
(BHT), butylated hydroxyanisole (BHA) and ethoxyquin (EQ) and the most common 
natural antioxidants are tocopherols and ascorbic acid. With a growing movement 
towards the use of natural antioxidants, it appears that customers are choosing to buy pet 
foods treated with this, despite the increased expense and there being no proven added 
benefits [211]. To reduce cost, some rendering companies are using synthetic treatments 
to keep the product stable. That same product is then treated with natural antioxidants by 
manufacturing companies, who consider that the synthetic treatment will have degraded 
to a point of being undetectable [233]. Currently, quantification of synthetic and natural 
antioxidants in pet food samples by Kemin is completed with two separate techniques; 
high performance liquid chromatography (HPLC) to detect natural antioxidant treatment 
[234] and gas chromatography (GC) to detect synthetic antioxidant treatment [235]. This 
leads to increased sample preparation and analysis time, and greater waste. For these 
reasons, it would be advantageous to develop a method capable of quantifying all 
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antioxidants potentially present in a pet food sample at one time. Only a small number of 
publications include synthetic and natural antioxidant detection simultaneously [236-
238]. The stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used in 
thin-layer chromatography to identify tocopherols and synthetic antioxidants in oils and 
lard [239]. TLC is time consuming and this method published in 1967 used the harmful 
chemical benzene. Synthetic phenolic antioxidants, natural tocopherol antioxidants  and 
triglycerides within oil were separated by reversed phase high performance liquid 
chromatography (RP-HPLC) with a gradient elution of 
water/acetonitrile/methanol/isopropanol using UV detection [237]. The oil was extracted 
with isopropanol/hexane which reduced the column lifetime. Indyk and Woollard 
reported a 30 minute normal phase high performance liquid chromatography (NP-HPLC) 
procedure to directly estimate synthetic antioxidants BHT, BHA and  
tert-butylhydroquinone (TBHQ) in oils and fats and proposed using similar conditions to 
estimate tocopherols [236]. However, this procedure requires two NP-HPLC systems 
depending on which synthetic antioxidants were analysed. Li et al. used a 40 minute 
NP-HPLC separation method with UV detection to simultaneously detect synthetic 
antioxidants; TBHQ, BHT, 2-tert-butyl-4-hydroxyanisole (2-BHA), 3-tert-butyl-4-
hydroxyanisole (3-BHA) and natural antioxidants; alpha-tocopherol, gamma-tocopherol, 
and delta-tocopherol in edible oils [238]. No methods have been reported to 
simultaneously detect natural and synthetic antioxidants within complex pet food 
samples.  
UV absorbance detection, as is commonly employed with HPLC, can become 
problematic for complex samples as it is not a selective approach for detecting target 
analytes. Chemiluminescence has the potential to overcome this.  
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In this work, the chemiluminescence reagents, potassium permanganate and 
manganese(IV), were investigated for use as a post-column reagent for the detection of 
both natural and synthetic antioxidants. Initially, they were combined to produce a mixed 
reagent, with the aim of manipulating the reagents to detect a wider range of antioxidants 
with higher sensitivity than either reagent in isolation. Preliminary experiments were 
promising, but in further experiments it became apparent that manganese(IV) was not 
required to improve sensitivity over a wider range of antioxidants. It was the potassium 
permanganate under modified reaction conditions that could detect ascorbic acid, 
alpha-tocopherol, ethoxyquin, butylated hydroxyanisole (BHA) and butylated 
hydroxytoluene (BHT) at the same time with high sensitivity. These antioxidants were 
targeted as they are commonly used in the pet food industry [9]. Their structures are 
shown in Figure 4.1 along with other tocopherols. BHA, BHT and ethoxyquin are 
synthetic, while ascorbic acid and tocopherols are natural antioxidants. BHA when used 
commercially can be a mixture of isomers 2-tert-butyl-4-hydroxyanisole and 3-tert-butyl-
4-hydroxyanisole [71]. The limits of detection achieved were similar to those found in 
the literature.  
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Figure 4.1: Structures for antioxidants ascorbic acid, butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), ethoxyquin, and alpha-, beta-, delta- and 
gamma- tocopherol. 
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Experimental 
Chemicals and reagents 
Potassium permanganate, HPLC grade methanol, ethanol and phosphoric acid were 
supplied by Chem-Supply (South Australia, Australia). Sulphuric acid was supplied by 
Merck (Victoria, Australia). Sodium polyphosphate, sodium thiosulfate, starch indicator 
and sodium formate were supplied by Sigma-Aldrich (New South Wales, Australia). The 
antioxidant compounds were obtained from the following sources: ascorbic acid, 
butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and ethoxyquin (EQ) 
from Sigma-Aldrich; and alpha-tocopherol from Fluka, purchased through 
Sigma-Aldrich.  
Antioxidant standards 
Stock solutions of antioxidants (1×10-3 M) were prepared by weighing the material for 
each analyte into a 25 ml volumetric flask and filling to the line with 80 % HPLC grade 
methanol in water, followed by sonication.  These standards were refrigerated and used 
within 2 days. Dilution to the required concentration for analysis was completed using 
80 % HPLC grade methanol in water. 
Pet food 
To determine antioxidants present in pet food samples, 1 g of the pet food sample was 
combined with 5 ml of 80 % methanol in water in a 10 ml centrifuge tube. After a 1 minute 
vortex, the solution was allowed to sit for 10 minutes followed by a further 1 minute 
vortex and then centrifuged at 4000 rpm for 5 minutes. The extract was transferred into a 
vial for sample analysis.  
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Acidic potassium permanganate 
The acidic potassium permanganate reagent was prepared by dissolving potassium 
permanganate (0.5 mM) in 1% (m/v) sodium polyphosphate solution and adjusting to pH 
2 with sulfuric acid. 
Manganese(IV) 
Preparation of the manganese(IV) reagent was based on the method developed by 
Jaky et al. [240]. 2 g of potassium permanganate solution in approximately 50 ml of 
deionised water was reduced by dropwise addition of excess sodium formate (2.6 g in 
minimum water), forming a precipitate which was washed on glass fibre filter paper. The 
wet solid (0.6 grams) was added to 3 M ortho-phosphoric solution, sonicated for 30 
minutes and heated at 80 °C for one hour. Iodometric titration was performed using 3 mM 
sodium thiosulfate and an excess of potassium iodide added to the Mn(IV) reagent, where 
the Mn(IV) reacts with the iodide to form iodine, which is then titrated against the 
thiosulfate. A starch indicator was used to see the end point for determining the 
concentration of manganese(IV). On the day of analysis, this colloidal manganese(IV) 
was further diluted with 3 M ortho-phosphoric solution to the desired concentration. 
Final modified potassium permanganate reagent 
The modified acidic potassium permanganate reagent was prepared by dissolving 
potassium permanganate (0.5 mM) in 2% (m/v) sodium polyphosphate solution. 40 % of 
this solution was combined with 60 % of 3 M phosphoric acid solution. 
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Instrumentation 
FIA 
A simple two-line FIA manifold was employed for the chemiluminescence detection of 
antioxidant standards. The reagent and carrier solutions were propelled through PVC 
pump tubing (1.02 mm i.d.; DKSH, Queensland, Australia) and PTFE tubing (0.76 mm 
i.d.; Global FIA, Washington, USA) using a Gilson Minipuls 3 peristaltic pump (John 
Morris Scientific, Victoria, Australia) with 70 µm of sample injected into the carrier 
stream via a six-port injection valve (Vici 04 W-0192L, Valco Instruments, Texas, USA) 
which proceeded to merge with the reagent immediately prior to detection. Light-tight 
housing containing a flow cell ,with a volume of 275 µl, consisting of Teflon tubing 
tightly coiled onto an aluminium plate and photomultiplier (PMT) module (Electron 
Tubes P30A-05, ETP, New South Wales, Australia) had black PTFE tubing entering and 
exiting the detection zone. The output signals were recorded via an 'e-corder 410' data 
acquisition system (eDAQ, New South Wales, Australia) to measure peak height.  
Stopped flow  
Stopped flow analysis involved an FIA manifold with a programmable dual-syringe pump 
(Model Sp210iw, World Precision Instruments, Victoria, Australia). After loading the 
reagent and carrier syringes (Terumo, 10 mL Luer lock) and filling the injection loop with 
the analyte, the device was initiated, releasing the reagent and carrier solutions. This 
propelled the permanganate reagent and analyte, prepared in ethanol, towards the GloCel 
detector (Global FIA) with a dual inlet Teflon disk flow cell (0.76 mm width × 0.89 mm 
depth) positioned in front of the PMT module (Electron Tubes P30A-05, ETP, New South 
Wales, Australia). The mixture was stopped for a timed period to obtain the intensity 
versus time profile recorded from the 'e-corder 410'. 
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Sequential injection analysis (SIA) 
SIA was performed using a milliGAT pump (model CP-DSM-GF, Global FIA), ten-port 
multi position valve (model C25Z, Valco) and black manifold tubing (0.76 mm i.d., 
Global FIA). A desktop computer connected to the data acquisition board (Labjack U12, 
National Instruments, Victoria, Australia) and Labview software (version 8.0, National 
Instruments) was used to automate the instrument and collect data. The detector was set 
up between the pump and multi-position valve allowing for the multi position valve to 
take up the reagent, analyte and enhancer which can then be directed through the flow 
cell without the need to reverse. This is known as ‘direct aspiration mode’ and results in 
minimal mixing prior to detection within the flow cell. The program was set to inject 
50 µl of the analyte (valve position 1 at 120 µl/s), 750 µl of the chemiluminescence 
reagent (valve position 2 at 120 µl/s) and 2000 µl of the enhancer (ethanol; valve position 
3 at 100 µl/s). The volume of ethanol allowed for flushing in between runs. 
RP-HPLC 
HPLC was carried out using an Agilent Technologies 1260 series liquid chromatography 
system with a quaternary pump, solvent degasser system, auto-sampler, thermostat 
column compartment and diode array detector module with absorbance monitored at 
280 nm (Agilent Technologies, Victoria, Australia). A reversed phase Phenomenex 
Kinetex C18 chromatography column (150 mm × 4.6 mm i.d., 5 µm) was used with an 
injection volume of 10 µl and flow rate of 0.8 ml/min. An analogue to digital interface 
box (Agilent Technologies) was used to convert the signal from the chemiluminescence 
detector. Post-column chemiluminescence was connected after the UV detector. A 
light-tight box containing Teflon tubing coiled onto an aluminium plate directly in front 
of a PMT module (Electron Tubes P30A-05, ETP) was where the chemiluminescence 
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reagent merged with the column eluate. The reagent was propelled using a 12 × 6 dual 
piston pump (Scientific Systems Inc., PA, USA). 
Solvents were filtered through a 0.45 µm nylon membrane prior to running through the 
HPLC system and MilliQ deionised water was used. 
Results and Discussion 
Mixing potassium permanganate with manganese(IV) 
Potassium permanganate and manganese(IV) reagents have the ability to react with 
antioxidants in vastly different ways and potentially work independently of one another 
[241]. From this, it was decided to investigate mixing both reagents in an attempt to 
improve overall detection of both synthetic and natural antioxidants found in pet food. 
The two chemiluminescence reagents were prepared following methods where they were 
previously employed to detect antioxidants [80, 100]. The initial chemiluminescence 
reagent consisted of manganese(IV) diluted to 0.5 mM using 3 M ortho-phosphoric acid 
solution and potassium permanganate reagent at 0.5 mM with 1 % sodium polyphosphate. 
The concentrations stated for manganese(IV) and potassium permanganate are prior to 
combining the two reagents. The pH of the potassium permanganate reagent is usually 
adjusted to 2.0 when employed for these analytes, however the addition of manganese(IV) 
in phosphoric acid solution resulted in an acidic environment so there was no need to 
adjust the pH of the permanganate reagent. These two reagents were mixed in varying 
ratios from 100% manganese(IV) to 100% permanganate at 20% increments, and the 
chemiluminescence response of the resulting solutions with the analytes alpha-
tocopherol, ascorbic acid, butylated hydroxyanisole (BHA) and butylated hydroxytoluene 
(BHT), was assessed using flow injection analysis (FIA). The manganese(IV) and 
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potassium permanganate reagents were also tested on their own to see if improvements 
were made by combining the two. When using the 100 % potassium permanganate 
reagent for comparison purposes, the pH was adjusted to 2.0 using sulfuric acid. The 
results are shown in Figure 4.2 (a). For all analytes, the mixed reagent produced greater 
light intensity than either of the two chemiluminescence reagents on their own. The 60:40 
mixture of the manganese(IV) and potassium permanganate reagents led to the greatest 
signal for most of the analytes tested. BHA was the only antioxidant not to have a 
maximum response at this ratio.  
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Figure 4.2: Chemiluminescence detection of antioxidant standards at 0.5 mM using FIA 
with mixed solutions of (a) 0.5 mM manganese(IV) and 0.5 mM potassium permanganate 
solutions and (b) 3 M phosphoric acid and 0.5 mM potassium permanganate solutions. 
No signal was obtained from the blank. 
(a) 
(b) 
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To test if the manganese(IV) was contributing to the enhanced response, the above 
experiment was repeated using a 3 M phosphoric acid solution to mix with the 
permanganate reagent at the same ratios. Figure 4.2 (b) shows the outcome of removing 
the manganese(IV). This showed that manganese(IV) did not play a large part in the 
enhancement and it was either the phosphoric acid solution or simple dilution, changing 
the way the potassium permanganate reagent performed. Manganese(IV) elicits a 
chemiluminescence response with a wider range of analytes than acidic potassium 
permanganate [101], and ascorbic acid is an antioxidant that manganese(IV) has been 
shown to detect at low levels [229]. Therefore, it was thought that the manganese(IV) 
would add to the reaction of the potassium permanganate when detecting antioxidants, 
however this was not the case. This mixed manganese(IV) and manganese(VII) reagent 
kept a strong red colour for 2 days before turning pale pink, although testing was 
conducted immediately after merging the two. As expected, 100 % 3 M phosphoric acid 
solution did not generate a chemiluminescence response with the analytes (results not 
shown). Under these conditions, all analytes except BHT produced their greatest intensity 
when 40 % potassium permanganate solution was combined with 60 % 3 M phosphoric 
acid solution. When comparing the results with and without manganese(IV), greater 
signals were observed for ascorbic acid, BHA and BHT when no manganese(IV) was 
present. This may be due to manganese(IV) competing with the potassium permanganate 
chemiluminescence signal or the reaction kinetics changing. Ethoxyquin responses were 
similar under both conditions, while alpha-tocopherol exhibited a greater response when 
incorporating manganese(IV). Based on these findings, manganese(IV) was removed, 
with further experiments conducted with potassium permanganate solution in 3 M 
phosphoric acid solution. The improved sensitivity for one analyte and decrease in 
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response for three analytes did not justify the additional time required to prepare the 
manganese(IV) or the added system complexity.  
The experiment was then repeated, changing the solution ratios at 10 % increments, to 
gain a more accurate breakdown of which ratio would be best for further optimisation. 
Results are shown in Figure 4.3; again, a 60:40 mixture of 3 M phosphoric acid and 
0.5 mM potassium permanganate solution was shown to be most suitable for detection of 
the analytes overall. Looking at this figure, ascorbic acid, alpha-tocopherol, ethoxyquin 
and BHA favoured the more acidic environment and/or diluted permanganate and 
polyphosphate concentrations. BHT was the only compound to produce its greatest signal 
from higher concentrations of potassium permanganate and polyphosphates in less acid. 
BHA and BHT are both phenols with a tert-butyl group, however, BHA also contains a 
methoxy group, whilst BHT contains a second tert-butyl group and a methyl group 
(Figure 4.1). The presence of two bulky tert-butyl groups means BHT has greater steric 
hindrance compared with BHA [71]. This may explain the different chemiluminescence 
responses observed for BHA and BHT, as the BHT hydroxyl group is less accessible. All 
other antioxidants favour conditions with 40:60 ratio of 0.5 mM potassium permanganate 
to 3 M phosphoric acid solution or below. It is important to consider with this set of 
experiments that three variables are changing: acid, permanganate and polyphosphate 
concentration. Therefore, to better understand what is happening, it is necessary to alter 
one of these conditions while keeping the rest constant, which will be done in later 
experiments. 
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Figure 4.3: Chemiluminescence detection of antioxidant standards alpha-tocopherol 
(dark blue), ascorbic acid (red), BHA (green), BHT (purple) and ethoxyquin (light blue), 
prepared at 0.5 mM, using a 60:40 mixture of 3 M phosphoric acid and 0.5 mM potassium 
permanganate solution. BHA is on the secondary axis due to the greater signal achieved. 
Ethanol enhancement 
Prior to further optimisation of the chemiluminescence reagent, ethanol was tested for its 
ability to enhance potassium permanganate chemiluminescence. This is because ethanol 
has been shown to improve the chemiluminescence response for manganese(IV) and 
acidic potassium permanganate [88, 101]. To analyse this, the 40:60 mixture of 0.5 mM 
potassium permanganate with polyphosphate to 3 M phosphoric acid solution was tested 
by FIA using either ethanol or deionised water, for comparison, as the analyte carrier 
solution. The original 100 % acidic potassium permanganate was also tested in this way. 
This reagent was used for comparison to the 40:60 mixture of 0.5 mM potassium 
permanganate with polyphosphate to 3 M phosphoric acid solution as it is the current 
reagent used when analysing antioxidants through chemiluminescence [242]. 
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The results in Figure 4.4 (a) demonstrate the signal enhancement resulting from the use 
of ethanol as carrier for FIA with potassium permanganate (0.5 mM, 1 % sodium 
polyphosphate, pH 2.0 with sulfuric acid) when compared to deionised water as a carrier. 
The signals from alpha-tocopherol, ascorbic acid, BHA and BHT were significantly 
increased, by 1561, 473, 994 and 2080 % respectively. Ethoxyquin did not increase by as 
much, with a 18 % difference between the two carriers. Figure 4.4 (b) compares the 
deionised water carrier with the ethanol carrier for the reagent mixture of 40:60 mixture 
of 0.5 mM potassium permanganate with polyphosphate to 3 M phosphoric acid solution. 
Again, a significant enhancement was achieved when employing ethanol as a carrier, with 
a difference of more than 100-fold across all tested analytes. This enhancement was 
anticipated, based on previous research demonstrating ethanol's ability to improve the 
chemiluminescence signal from reactions with manganese based reagents [101]. Ethanol 
can act as a reducing agent for the manganese reagent forming manganese(II), which goes 
on to emit light. Ethoxyquin was enhanced to a greater level with ethanol for the 
potassium permanganate solution prepared in 3 M phosphoric acid solution compared to 
potassium permanganate pH adjusted to 2.0 with sulfuric acid. The increase in signal 
demonstrates the importance of ethanol as an enhancer in this reaction and as such was 
employed as the carrier throughout analysis. 
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Figure 4.4: Chemiluminescence detection of antioxidant standards at 0.5 mM with (a) 
potassium permanganate solution pH adjusted to 2.0 with sulfuric acid and (b) 40:60 
mixture of 0.5 mM potassium permanganate with polyphosphate to 3 M phosphoric acid 
solution, using FIA with ethanol or deionised water used as the carrier, results are blank 
corrected. 
(a) 
(b) 
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Mixed reagent UV-vis absorbance analysis 
The potassium permanganate solution mixed with phosphoric acid solution at varying 
ratios was scanned on a UV-vis spectrometer for possible changes caused by increasing 
acidity. The UV-vis data collected for the adjusted ratios of potassium permanganate 
solution in 3 M phosphoric acid solution are shown in Figure 4.5. The spectrum is 
characteristic of permanganate based on the increase in absorbance at 250 and 300 nm 
and the band between 450 to 600 nm. The Figure shows the bands of potassium 
permanganate absorbance decreasing as it is diluted in phosphoric acid solution, but no 
other changes, demonstrating no reaction is occurring between the potassium 
permanganate and phosphoric acid. 
 
Figure 4.5: UV-vis spectra for 0.5 mM potassium permanganate diluted with increasing 
amounts of 3 M phosphoric acid solution. The numbers in the right figure indicate the 
percentage of potassium permanganate solution present. 
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Adjusting reagent conditions 
As stated previously, there are many variables changing simultaneously when mixing the 
potassium permanganate reagent with 3 M phosphoric acid solution at different ratios. 
How they each affect the overall reaction needs to be considered; the changes are listed 
in Table 4.1. Variables include pH, and concentrations of potassium permanganate, 
phosphoric acid and sodium polyphosphates. Each of these factors was tested 
independently to determine which are significant to the reactions occurring. 
Table 4.1: Changes in variables when mixing 0.5 mM potassium permanganate reagent 
with 3 M phosphoric acid solution at altered ratios. The potassium permanganate solution 
at 40 % is highlighted as it is under further investigation. 
Percentage 
of KMnO4 
solution 
(%) 
pH 
KMnO4 conc. 
(mM) 
Phosphoric 
acid conc. (M) 
Sodium 
polyphosphate 
conc. (% (m/v)) 
0 0.09 0 3.0 0.0 
10 0.17 0.05 2.7 0.1 
20 0.23 0.1 2.4 0.2 
30 0.29 0.15 2.1 0.3 
40 0.40 0.2 1.8 0.4 
50 0.54 0.25 1.5 0.5 
60 0.65 0.3 1.2 0.6 
70 0.81 0.35 0.9 0.7 
80 1.00 0.4 0.6 0.8 
90 1.19 0.45 0.3 0.9 
100 6.75 0.5 0.0 1.0 
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Polyphosphate 
Currently the polyphosphate is added to the potassium permanganate solution before 
merging with 3 M phosphoric acid solution. The reagent was investigated for any changes 
from combining the potassium permanganate with phosphoric acid solution prior to 
addition of the polyphosphate. By preparing the reagent in this way the same signal 
intensities were observed when compared to the initial method (data not shown). It was 
found that both reagent preparation methods prevented complete dissolution of the 
polyphosphate above 2.0 % (m/v). The only observed difference was the reagent with 
polyphosphate added at the end changed from purple in colour to a pale pink colour within 
24 hours when kept at ambient temperature in the dark. Whereas adding polyphosphate 
to the potassium permanganate solution before combining with 3 M phosphoric acid 
solution resulted in the reagent staying purple beyond 24 hours when left at ambient 
temperature in the dark. This may be due to the polyphosphate better protecting the 
potassium permanganate from the acid when added prior to the acid as polyphosphates 
can form protective cage like structures and prevent flocculation of insoluble 
manganese(IV) [93]. The light pink colour indicates the formation of manganese(III) 
[240]. Reagent stability was compromised with this approach as the signals obtained 
immediately after reagent preparation were not reproducible compared to the previously 
mentioned approach. Based on this the polyphosphate was added with the potassium 
permanganate and completely dissolved through sonication before combining with acid.   
To examine the effects of polyphosphate concentrations, it was mixed into the potassium 
permanganate solution at 0, 0.5, 1, 1.5, 2 and 2.5 % (m/v). These permanganate solutions 
were diluted with the 3 M phosphoric acid solution at a ratio of 40:60, making the final 
polyphosphate concentrations 0, 0.2, 0.4, 0.6, 0.8 and 1 % (m/v). All other conditions 
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were kept the same allowing for the effect, if any, polyphosphate has on the 
chemiluminescence response to antioxidants to be observed.  
The effect of changes in polyphosphate percentage, shown in Figure 4.6, demonstrated 
its importance within the reaction. For every analyte, an increase in signal was observed 
with a greater polyphosphate percentage. The solutions with a greater amount of 
polyphosphate kept a stronger purple colour over time indicating a more stable potassium 
permanganate solution.  In most cases polyphosphate has been shown to enhance the 
signal when added at a percentage between 0.05 to 1 % (m/v) [59]. Addition of 
polyphosphate into the potassium permanganate solution above 2.5 % (m/v) (final 
concentration of 1.0 % (m/v)) lead to incomplete dissolution. While the solution could be 
saturated with sodium polyphosphate this was deemed unnecessary given the large 
signals observed prior to this. Based on these experiments, a 2.0 % (m/v) volume of 
polyphosphates in the permanganate solution is ideal, and this equates to a polyphosphate 
concentration of 0.8 % (m/v) when the dilution is accounted for. This is within the range 
commonly used for enhancement. The polyphosphate was added to the potassium 
permanganate solution prior to combining with the phosphoric acid solution.  
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Figure 4.6: FIA chemiluminescence detection of antioxidant standards with varying 
polyphosphate concentration in the reagent. (a) alpha-tocopherol, ascorbic acid, BHT and 
ethoxyquin; (b) BHA. All analytes were tested at 0.5 mM. The reagent was prepared as a 
40:60 mixture of 0.5 mM potassium permanganate with polyphosphate and 3 M 
phosphoric acid solution. 
Potassium permanganate concentration 
The concentration of potassium permanganate in the reagent was investigated. The 
concentrations tested were 0.25 mM, 0.50 mM, 0.75 mM and 1.00 mM, before dilution 
with the phosphoric acid solution. Once the reagent was diluted to a 40:60 mixture with 
3 M phosphoric acid, the final permanganate concentrations were 0.10 mM, 0.20 mM, 
0.30 mM and 0.40 mM. The optimum concentration varied for each antioxidant standard, 
with the chemiluminescence intensity for alpha-tocopherol decreasing as the 
permanganate concentration increased, and BHT giving the opposite effect as shown in 
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Figure 4.7. This trend correlates with the ratios shown earlier (Figure 4.3), where alpha-
tocopherol gave a greater response with dilute potassium permanganate and the signal 
from BHT was larger at a higher potassium permanganate concentration. The remaining 
analytes produced their greatest signal at an overall potassium permanganate 
concentration of 0.20 mM and as such this concentration was employed. 
   
Figure 4.7: FIA chemiluminescence detection of antioxidant standards with varying 
potassium permanganate concentration within the modified 0.5 mM potassium 
permanganate reagent. (a) alpha-tocopherol, ascorbic acid, BHT and ethoxyquin; 
(b) BHA. All analytes were tested at 0.5 mM. The reagent was prepared as a 40:60 
mixture of  0.5 mM potassium permanganate with polyphosphate and 3 M phosphoric 
acid. 
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Phosphoric acid concentration 
Lastly the phosphoric acid concentration was altered to determine its effect, if any, on the 
reagent’s ability to detect antioxidants. The phosphoric acid solution concentrations 
included 2, 2.5, 3, 3.5 and 4 M before combining with the 0.5 mM potassium 
permanganate solution, once combined this resulted in phosphoric concentrations of 1.2, 
1.5, 1.8, 2.1 and 2.4 M. An increase in the acid concentration resulted in slight 
improvements to the chemiluminescence signal for ascorbic acid, BHT and ethoxyquin; 
results are shown in Figure 4.8. The response from alpha-tocopherol and BHA decreased 
with increasing acidity. Signal losses from use of 3 M phosphoric acid compared to the 
other acid concentrations were less than 8 % if any loss occurred. Based on this data, 
continued use of 3 M phosphoric acid solution would not significantly alter the 
chemiluminescence reaction of the analytes under investigation. Instead an improvement 
to majority of analytes is achieved when compared to lowered acidity while still allowing 
for a viscosity that would not be problematic for instrumentation as would be the case 
from higher concentrations. 
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Figure 4.8: Chemiluminescence detection using FIA of antioxidant standards with 
varying phosphoric acid solution for the preparation of a 40:60 0.5 mM potassium 
permanganate with polyphosphate to phosphoric acid solution. 
The final optimised conditions for the modified reagent were a 40:60 mixture of 
potassium permanganate at 0.5 mM with 2 % (m/v) polyphosphate solution and 3 M 
phosphoric acid. This resulted in an overall solution of 0.2 M potassium permanganate 
with 0.8 % (m/v) polyphosphate and 1.8 M phosphoric acid solution. This reagent was 
used throughout the remainder of the experiments in this chapter and will be referred to 
as the modified reagent. 
Change in reagent with ethanol addition 
As the modified reagent performs best with the enhancement of ethanol, the combination 
of this solution with ethanol was observed on a UV-vis spectrometer over time, to observe 
the changes in manganese species present in the reagent and to confirm that ethanol reacts 
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with the reagent. Results are shown in Figure 4.9. Over time, the characteristic 
permanganate absorption bands at 525 nm disappeared and an increase in absorbance was 
observed across the tested range. Scanning ethanol on its own produced close results to 
deionised water with no absorption bands. When combining ethanol with the 
permanganate reagent the increase throughout the wavelengths occurs. This is not the 
case when using deionised water with the permanganate reagent demonstrating a change 
in the reaction. Polyphosphate addition has been shown to stabilise Mn(III) through cage-
like structures [93]. When polyphosphate is not present, higher acid concentration is 
required to promote the formation of Mn(III) intermediates and prevent insoluble Mn(IV) 
formation [88, 231]. A greater concentration of Mn(III) leads to rapid production of the 
Mn(II)* species which enhances the chemiluminescence signal [243]. It is likely this 
reagent is forming Mn(III) intermediates without insoluble Mn(IV) through both the 
polyphosphate and high acidic environment resulting in the rapid reaction shown later in 
this chapter. An increase around 420 nm occurs when the permanganate is being reduced 
to soluble Mn(IV) [92, 93], however an increase in observed across the entire range tested 
here. The solution ends up completely colourless due to the permanganate being 
exhausted. 
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Figure 4.9: UV-vis absorbance spectra of the modified reagent mixed with ethanol (1:1) 
recorded every minute with the black trace representing the initial scan after ethanol 
addition. The red trace is the modified mixed reagent with deionised water (1:1). 
Stability 
The stability of this modified reagent was tested using sequential injection analysis (SIA). 
This single flow-stream technique involves stacking the carrier, sample and reagent 
solutions in a holding coil via a computer controlled multi position valve and bidirectional 
pump control [244]. The solutions are sent towards the flow cell with the propelling action 
resulting in sample and reagent mixing, and the resulting chemiluminescence detected by 
a PMT. By automating this experiment to run at timed intervals, the reagent could be 
tested for possible degradation over a set number of days. The results are shown in Figure 
4.10. A reduction in chemiluminescence signal (greater than 10 %) was evident after 
18 hours. This is sufficient time to obtain results for a large sample number. The reagent 
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was still reasonably stable after this point however accurate quantitation and comparison 
of samples would be difficult. Results indicate the reagent should be prepared fresh daily. 
 
Figure 4.10: SIA data for the modified reagent tested using morphine at 0.001 M diluted 
in deionised water as the model analyte. This is because morphine is stable over the time 
range tested using SIA and is known to elicit a response with potassium permanganate 
chemiluminescence. 
Figures of merit 
The modified reagent’s sensitivity was determined for antioxidant standards 
alpha-tocopherol, BHA, BHT, ethoxyquin and ascorbic acid. The analytical figures of 
merit for the modified reagent are shown in Table 4.2. The repeatability on FIA for all 
analytes produced acceptable RSD percentages (< 4%). The R2 values above 0.995 
demonstrate good linearity. Limits of detection for this optimised reagent with the 
antioxidants were generally in the same order of magnitude as previous research 
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employing the enhanced potassium permanganate and the manganese(IV) reagent [80, 
229]. Limits of detection of 5 × 10-5 M down to 5 × 10-13 M for ascorbic acid [88, 242], 
and 5 × 10-9 M for alpha-tocopherol [230] were previously reported using potassium 
permanganate. The chemiluminescence reagent conditions vary between the different 
publications used for sensitive antioxidant detection. This work highlights the potential 
of modified reagent conditions, which allow the detection of a wider range of antioxidants 
with one reagent without a loss in sensitivity. The order of sensitivity from most to least 
sensitive was alpha-tocopherol, ethoxyquin, BHA, BHT and ascorbic acid. 
Table 4.2: Analytical figures of merit achieved on FIA using the modified potassium 
permanganate reagent with ethanol as the carrier for alpha-tocopherol (α-toc), ascorbic 
acid (AA), butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and 
ethoxyquin (EQ). Mean, standard derivation (St.dev.) and relative standard deviation 
(RSD) percentage are calculated from 7 replicates of the lowest standard, calibration 
range was 1×10-7 M – 5×10-6 M, LOD was calculated as three times the standard deviation 
of seven replicates of the lowest standard divided by the calibration slope.  
 α-toc AA BHA BHT EQ 
Mean (V) 0.0343 0.2385 0.0899 0.0390 0.0441 
St.dev. (V) 0.0004 0.0087 0.0016 0.0012 0.0007 
RSD (%) 1.20 3.63 1.79 3.04 1.57 
R² 0.996 0.998 0.999 1.000 0.997 
LOD (M) 4.24 × 10-9 1.87 × 10-7 1.40 × 10-8 4.30 × 10-8 5.44 × 10-9 
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Combining with HPLC 
While the FIA system is capable of rapidly obtaining a chemiluminescence signal for the 
entire sample matrix this can also be a limitation in terms of possible interference from 
other species in solution. For this reason, the potential of this reagent to be used for 
post-column HPLC detection was also looked at. Before applying the reagent to HPLC 
detection, the rate of reaction was considered for setting up the chemiluminescence 
detector system [245]. The rate of reaction was measured using stopped flow analysis, 
with acidic potassium permanganate (0.5 mM, 2% (m/v) sodium polyphosphate solution, 
pH 2 with sulfuric acid) and modified potassium permanganate compared to one another. 
The carrier used was 100 % ethanol and a mixture of antioxidants (ascorbic acid, BHA, 
BHT, alpha-tocopherol, delta-tocopherol, gamma-tocopherol and ethoxyquin) at 
0.005 mM. This captures the kinetics of the chemiluminescence emission, which is useful 
information when determining the best detector configuration, as it is important to ensure 
the greatest light emission is achieved in front of the detector. The modified potassium 
permanganate reagent produced a greater signal height at a faster rate. This faster reaction 
rate may be due to the high acid concentration promoting faster production of the Mn(III) 
intermediate [243]. The data is shown in Figure 4.11. After 15 seconds, 50 % of the light 
emission has completed for the modified potassium permanganate reagent and only 34 % 
with the potassium permanganate reagent. Interestingly, the area of the two profiles 
differed by less than 2 %. Therefore, despite the change in selectivity and sensitivity from 
the reagent modifications the same amount of light emission is produced from this 
stopped flow analysis experiment. This information allowed for minor adjustments of the 
reagent flow so that the greatest intensity of light from the reaction was produced in front 
of the PMT.   
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Figure 4.11: Stopped flow analysis of the modified potassium permanganate (40:60 
potassium permanganate at 0.5 mM, with 2 % polyphosphate to 3 M phosphoric acid 
solution) and acidic potassium permanganate (0.5 mM, with 2 % polyphosphate, pH 
adjusted to 2.0 with sulphuric acid) both minus the blank, with 100 % ethanol as the 
carrier and a mixture of antioxidants (ascorbic acid, BHA, BHT, alpha-tocopherol, 
delta-tocopherol, gamma-tocopherol and ethoxyquin all at 0.005 mM). 
Manganese(IV) chemiluminescence detection has been employed post-column on HPLC 
with the formaldehyde or ethanol enhancer often merging post-column with the reagent 
and analyte mixture [101]. Initial RP-HPLC analysis for this work included merging the 
modified reagent with 100 % ethanol post-column. Upon doing so an increase in the 
pressure occurred resulting in pulsing and in some instances leakage of the post-column 
chemiluminescence set up from the ethanol merging. This could be overcome by diluting 
the ethanol with deionised water resulting in a chemiluminescence signal decrease.  
Instead it was considered that the ethanol could be incorporated into the mobile phase for 
enhancement rather than post-column addition. Use of ethanol in the mobile phase for 
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enhancement of permanganate or manganese(IV) chemiluminescence has not been 
previously undertaken, and adopting this method should allow for a simplified 
chemiluminescence detection process while still providing an enhanced 
chemiluminescence response. Use of ethanol in the mobile phase is not widely employed 
due to the change in viscosity resulting in increased back pressure [246]. The addition of 
acetonitrile into the mobile phase mixture can reduce this pressure, however, this solvent 
is known to quench the chemiluminescence reaction of potassium permanganate [247]. 
Therefore, the addition of methanol was looked at for its potential to reduce pressure if 
required. 
A mixture of the five antioxidants under investigation was separated with gradient 
conditions of 0 to 100 % organic solvent in water over 20 minutes. The following organic 
solvents were tested: 1) methanol; 2) ethanol; and 3) a 50:50 v:v mixture of methanol and 
ethanol. The system pressure was observed throughout analysis to determine how much 
ethanol could be added. Results from Figure 4.12 (a) showed that the addition of ethanol 
at a concentration above 50 % (with deionised water) would result in pressures above 
200 bar. It is preferable to not exceed this pressure for the column being employed in this 
work. Methanol produced a lower pressure within acceptable limits when combined with 
ethanol and water. 
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Figure 4.12: (a) Pressure change (going from 0 to 100 % organic solvent in 20 minutes 
and holding for 5 minutes as shown in black on the secondary axis) and (b) separation of 
antioxidants with chemiluminescence detection when going from deionised water to 
ethanol or methanol. 5 µl of sample containing ascorbic acid (AA), BHA, ethoxyquin 
(EQ), BHT, delta-tocopherol (δ-toc) and alpha-tocopherol (α-toc) all at 0.5 mM in 80 % 
methanol. 
(a) 
(b) 
AA 
BHA 
BHT 
EQ α-toc 
δ-toc 
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Another important factor to consider is the effect ethanol has on the HPLC separation and 
the resolution of compounds. The chromatograms are shown in Figure 4.12 (b). Use of 
100 % methanol lead to an improved separation but led to a significant decrease in the 
chemiluminescence signal, while 100 % ethanol showed the opposite with a poor 
separation but large responses. The mixed solvent incorporating ethanol and methanol 
provided a compromise between these two conditions, with an improved separation 
compared to ethanol only, and much larger chemiluminescence responses than were 
achieved with methanol alone. 
DryLab was utilised for determining the optimum separation conditions and maximum 
ethanol concentration within the mobile phases that will allow for complete separation. 
This was completed by preparing methanol and deionised water with 20, 30, 40 and 50 % 
ethanol. For each ethanol concentration, two separations were completed where the 
gradient changes over set times. From this it was determined that 30 % ethanol throughout 
the separation would be the maximum volume allowed to ensure all peaks were 
completely separated out and the pressure was kept low. The HPLC parameters are shown 
in Table 4.3. Antioxidant samples were prepared in a mixture of 40 % methanol with 
30 % ethanol and 30 % deionised water as this is the initial HPLC mobile phase 
composition. 
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Table 4.3: Separation parameters for RP-HPLC CL detection of antioxidants; flow rate 
0.5 ml/min, temperature controlled at 25 °C, 5 minute post-time. 
Time 
(min) 
% A (70 % deionised water, 30 % 
ethanol) 
% B (70 % methanol, 30 % 
ethanol) 
0 45 55 
6 45 55 
10 5 95 
20 5 95 
 
Separation was achieved in 25 minutes which includes 5 minutes post time to 
re-equilibrate. The separation is shown in Figure 4.13. Additional tocopherols were added 
to this separation as pet food can be treated with a mixture of alpha-, gamma-, delta- and 
beta-tocopherol. Beta-tocopherol could not be resolved from gamma-tocopherol under 
these conditions. Beta- and gamma-tocopherol are positional isomers and generally 
cannot be separated by RP-HPLC [248]. The concentration of beta-tocopherol within 
naturally occurring mixed tocopherol treatments applied to pet food is negligible so does 
not require detection [233]. A combined concentration of beta- and gamma-tocopherol 
could be reported when required. 
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Figure 4.13: Separation of an antioxidant mixture by RP-HPLC with post-column 
chemiluminescence with a modified potassium permanganate reagent. Antioxidant 
mixture contains ascorbic acid (AA), BHA, ethoxyquin (EQ), BHT, delta-tocopherol 
(δ-toc), gamma-tocopherol (γ-toc) and alpha-tocopherol (α-toc), all at 0.5 mM in a 
mixture of 40 % methanol, 30 % deionised water and 30 % ethanol. 
To demonstrate the improvements in detection and changed selectivity for this newly 
modified chemiluminescence reagent, this separation method was also employed with 
chemiluminescence detection using acidic potassium permanganate with polyphosphate 
adjusted to pH 2.0 with concentrated sulfuric acid or phosphoric acid as the reagent. The 
peak areas observed for each analyte with the three different potassium permanganate 
reagents is shown in Figure 4.14. When comparing the use of sulfuric acid and phosphoric 
acid at the same pH, the phosphoric acid adjusted solution produced a greater signal for 
all analytes except BHA. The modified reagent contains a greater phosphoric acid 
concentration and therefore a lower pH, this produced a larger signal compared to 
potassium permanganate adjusted with phosphoric acid to pH 2.0. BHT showed a similar 
AA 
BHA 
BHT 
EQ 
α-toc 
δ-toc 
γ-toc 
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response across all chemiluminescence reagents. Ascorbic acid was only detected when 
using phosphoric acid in the chemiluminescence reagent. UV-vis data was also included 
for this set of experiments as it has been previously used to detect these analytes on 
RP-HPLC [237, 249, 250]. The UV-vis data produced no response for ascorbic acid at 
254 nm (it should be observed at 280 nm). Using UV-vis detection for collecting signals, 
leads to an increased number of peaks in the chromatogram compared to using the 
modified chemiluminescence reagent. This change in selectivity is an advantage of 
chemiluminescence detection when requiring information of certain analytes within 
complex sample matrices as there is less chance of interferences to the peaks of interest. 
  
Figure 4.14: RP-HPLC with chemiluminescence detection for antioxidant standards at 
0.5 mM using potassium permanganate diluted with 3 M phosphoric acid solution (green) 
at a 40:60 ratio, potassium permanganate adjusted to pH 2.0 with concentrated phosphoric 
acid (blue), potassium permanganate adjusted to pH 2.0 using concentrated sulfuric acid 
(red) and UV data at 254 nm (purple). 
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The sensitivity of this chemiluminescence approach for HPLC post-column detection was 
determined along with UV-vis absorbance data for the same separation. Looking at the 
data in Table 4.4, the LOD is in the same order of magnitude for the chemiluminescence 
detection and UV detection. BHT is an exception to this with a less sensitive LOD 
obtained when chemiluminescence is used. The chemiluminescence LODs were affected 
by the higher noise levels observed in the chemiluminescence signal, which resulted in 
similar LODs for chemiluminescence and UV detection, despite seeing lower signals 
from UV in Figure 4.14.   
Table 4.4: Analytical figures of merit for RP-HPLC with chemiluminescence and UV 
detection for antioxidants BHA, BHT, ethoxyquin (EQ), alpha-tocopherol (α-toc), 
gamma-tocopherol (γ-toc) and delta-tocopherol (δ-toc). 
 Chemiluminescence UV 
 Calibration R² LOD (M) Calibration R² LOD (M) 
BHA 
y = 8 × 106x 
+ 3.8894 
1.000 1.88 × 10-7 
y = 2 × 106x 
- 1.0311 
0.997 3.64 × 10-7 
BHT 
y = 2 × 106x 
+ 8.7988 
0.998 1.28 × 10-6 
y = 2 × 106x 
+ 0.5838 
0.995 1.43 × 10-7 
EQ 
y = 3 × 106x 
+ 10.57 
0.998 2.36 × 10-6 
y = 3 × 106x 
+ 3.3933 
0.994 2.01 × 10-6 
α-toc 
y = 1 × 107x 
+ 19.272 
0.998 4.27 × 10-7 
y = 6 × 106x 
- 0.1068 
1.000 2.54 × 10-7 
γ-toc 
y = 3 × 106x 
+ 6.8963 
0.995 8.14 × 10-7 
y = 1 × 106x 
- 0.5689 
0.999 7.88 × 10-7 
δ-toc 
y = 696239x 
+ 2.8927 
0.997 3.49 × 10-6 
y = 313806x 
+ 0.7095 
0.999 1.32 × 10-6 
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To apply this method to real pet food samples, sample extraction and preparation needed 
to be considered. According to Nollet et. al., phenolics can be extracted with alcohols 
(ethanol or methanol) or an alcohol-water mixture [251]. As this process is aimed at 
industry laboratories, a simple procedure would be preferable. From this it was decided 
to test the use the mobile phase solvent mixture of 40 % methanol with 30 % ethanol and 
30 % deionised water for sample extraction. This avoids the addition of other sample 
components which could complicate the system. Using this solvent mixture 5 grams of 
sample was weighed out into a centrifuge tube and 10 ml of the solvent mixture was 
added. The sample then underwent extraction which involved vortexing the sample for 
1 minute, waiting 10 minutes, completing another 1 minute vortex and centrifuging the 
sample. The clear extract was used for HPLC analysis. This procedure allowed for all 
antioxidants to be extracted out of pet food samples based off detection on HPLC.  
The extraction procedure and RP-HPLC with chemiluminescence detection method were 
applied to the detection of antioxidants in real pet food samples to compare with 
accredited methods. The results are shown in Table 4.5. One of two accredited methods 
were used depending on the antioxidants of interest. Synthetic antioxidants, BHA, BHT 
and EQ were analysed using an accredited Kemin GC method. Whereas natural 
antioxidants (tocopherols), were analysed using an accredited Kemin NP-HPLC method. 
Neither of the accredited methods used detect ascorbic acid, therefore a comparison could 
not be made. Ethoxyquin was not detected in any of the samples.  
Similar trends were observed, but greater tocopherol concentrations were detected with 
the accredited HPLC method compared to the HPLC-CL method; this may be due to the 
extraction solvent for the chemiluminescence detection method not fully recovering the 
tocopherols. BHA results were similar between the two methods, but BHA produced 
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greater values with the chemiluminescence method. An exception was sample B, which 
showed a significantly larger concentration with the accredited method. The reason for 
this difference is unclear but may have arisen from the extraction process or may be due 
to an unknown interference in the chemiluminescence reaction. It could not be explained; 
the peak shape was acceptable for both separations and repeat analysis lead to the same 
large difference. BHT was only detected in one sample using the accredited method 
whereas the chemiluminescence approach indicated BHT was present in all samples 
which may indicate the presence of an interference in the chemiluminescence separation. 
Testing the samples with this chemiluminescence approach after extracting the samples 
using the accredited HPLC method, evaporating and redissolving the sample still lead to 
the detection of BHT for all samples. This indicates the possible interference is not from 
sample extraction. 
Being able to compare the results of a newly developed method to accredited ones allows 
for a better comparison in terms of the accuracy of the technique for determining analyte 
concentration. While the values obtained using this new approach are not exact in 
comparison with those from accredited techniques the results are promising with the 
potential to further improve the extraction method employed for the chemiluminescence 
approach.  This may lead to a more complex process which would be less ideal for an 
industry setting however the benefits of having a single method to detect both synthetic 
and natural antioxidants may outweigh this. 
169 
 
Table 4.5: Comparison of results from the developed chemiluminescence (CL) 
RP-HPLC method and either the GC or HPLC accredited methods for determining 
antioxidant concentrations within real pet food samples. Antioxidants tested were BHA, 
BHT, alpha-tocopherol (α-toc), gamma-tocopherol (γ-toc) and delta-tocopherol (δ-toc). 
Sample A B C 
Method 
CL 
(ppm) 
GC or 
HPLC 
accredited 
(ppm) 
CL 
(ppm) 
GC or 
HPLC 
accredited 
(ppm) 
CL 
(ppm) 
GC or HPLC 
accredited 
(ppm) 
BHA 6.59 2.42 10.31 73.60 22.93 18.37 
BHT 5.74 0.00 4.97 0.00 4.48 0.00 
δ-toc 53.22 55.83 46.98 55.68 0.00 0.13 
γ-toc 52.53 58.93 44.07 59.51 0.00 0.22 
α-toc 15.94 23.45 21.39 24.19 0.00 0.43 
Sample D E F 
Method 
CL 
(ppm) 
GC or 
HPLC 
accredited 
(ppm) 
CL 
(ppm) 
GC or 
HPLC 
accredited 
(ppm) 
CL 
(ppm) 
GC or HPLC 
accredited 
(ppm) 
BHA 42.93 37.35 0.00 0.00 0.00 0.00 
BHT 10.96 12.88 2.43 0.00 3.54 0.00 
δ-toc 2.46 0.28 0.00 0.00 30.91 28.96 
γ-toc 3.45 3.49 0.00 0.00 26.85 33.83 
α-toc 6.88 12.51 0.00 0.00 0.00 4.44 
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Conclusion 
Modification to the potassium permanganate chemiluminescence reagent has enabled the 
detection of a greater range of analytes at a lower concentration. This newly modified 
reagent differed to current literature for the preparation of potassium permanganate 
reagent in that phosphoric acid is used, and at a higher concentration producing a pH of 
<1.0. Sulfuric acid is more commonly used for altering the pH of permanganate 
chemiluminescence reagents in the pH range of 1 – 2 [88]. Ethanol was used to further 
enhance the chemiluminescence response, as has been seen previously for Mn(IV) 
chemiluminescence [101]. While it was initially thought that the potassium permanganate 
reagent and Mn(IV) reagent when combined would act separately to improve detection, 
it became apparent that it was instead the combination of polyphosphate with phosphoric 
acid solution that improved the potassium permanganate reagent. The larger responses 
may be attributed to stabilising and thus increasing the concentration of the precursor of 
the emitting species, Mn(III). The presence of soluble Mn(IV), which can be further 
reduced, is also possible which could broaden the selectivity of the reagent. 
Employing this system instead of UV absorbance detection reduces the potential for 
interferences when detecting all antioxidants under investigation. The use of ethanol 
within the mobile phase provided an enhanced chemiluminescence response without 
adding further complication to the chemiluminescence detector set up. This adjustment 
removes the additional line merging with the mobile phase prior to chemiluminescence 
detection reducing pressure within the flow cell which in turn should reduce back 
pressure, the likelihood of leaks and potential pulsing.   
Completing the analysis of real pet food samples following this new chemiluminescence 
approach gave the ability to detect many analytes in a single analysis, meaning sample 
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extraction is only required once. This is beneficial where pet food samples contain both 
natural and synthetic antioxidants. This can arise from meat meal used in pet food 
production being treated multiple times throughout processing with different antioxidant 
treatments. The results showed similar trends between the two methods, but further work 
is required. 
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CHAPTER FIVE: DEVELOPING A SIMPLE, EARLY STAGE LIPID 
OXIDATION DETECTION SYSTEM USING ELECTRON PARAMAGNETIC 
RESONANCE SPECTROSCOPY 
 
1. Introduction 
2. Experimental 
3. Results and Discussion 
4. Conclusions 
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Introduction 
Omega-3 and omega-6 fatty acids are added to pet foods because of their health benefits, 
however these ingredients are highly unstable and can undergo oxidation [31]. The 
oxidation leads to off odours and flavours, even at very low levels [35]. This study aimed 
to develop simple and sensitive methods capable of monitoring these lipid oxidation 
processes using electron paramagnetic resonance (EPR) spectroscopy.  
Previous research investigating lipid oxidation with EPR has often looked at treating oil 
samples with nitrone spin traps N-tert-Butyl-α-phenylnitrone (PBN), 5,5-Dimethyl-1-
Pyrroline N-oxide (DMPO) and α-(4-pyridyl N-oxide)-N-tert-butylnitrone (POBN) to 
stabilise the radicals [252, 253]. These spin traps can be added directly into the sample or 
as a stock solution to increase radical concentrations allowing for EPR detection of 
unstable radicals. Figure 5.1 demonstrates how the spin trap, PBN, is able to trap the 
radical which then allows for a more stable product for detection. 
 
Figure 5.1: Mechanism of PBN trapping a radical.  
Unmodified pet food has not previously been tested for lipid oxidation using EPR 
methodology. Comparisons have been made between EPR lipid oxidation detection and 
commonly used methods including the AOCS PV, OSI and TBARS [254, 255]. 
Falch et. al. found consistent results when comparing OSI, TBARS and PV to EPR [254]. 
While Velasco et. al. showed the PBN spin trap with EPR allowed for earlier detection 
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of lipid oxidation when compared to other techniques, however PBN also inhibited lipid 
oxidation [255]. Some discussion has also arisen regarding antioxidant interference, 
including ethoxyquin existing in part as a free radical, and tocopherols and ascorbic acid 
competing with the spin trap [252, 256, 257].  
Whether EPR can effectively monitor changes in the concentrations of radical 
intermediates formed during the degradation process from lipid oxidation was 
investigated. In doing so, it became evident that antioxidants that may be present in pet 
foods can interfere with the results. While further analysis is required in this field, the 
technique has shown potential advantages over currently employed methods in terms of 
its simplicity and sensitivity. 
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Experimental 
Solvents, chemicals and standards 
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO), tert-butyl methyl ether (TBME) and 
α-(4-pyridyl N-oxide)-N-tert-butylnitrone (POBN) were supplied by Sigma-Aldrich 
(New South Wales, Australia). N-tert-Butyl-α-phenylnitrone (PBN) from Cayman 
Chemical was purchased through Sapphire Bioscience (New South Wales, Australia). 
Toluene, petroleum spirit (60 – 80°C) and dichloromethane were supplied by 
Chem-Supply (South Australia, Australia); chloroform and heptane were supplied by 
Merck (Victoria, Australia) and ethyl acetate from AJAX Finechem was supplied by 
Thermo Fisher Scientific (Victoria, Australia). 
Reference cell 
The reference cell provided with the instrument contained manganese(II) (Mn2+) in 
magnesium oxide (MgO) which was within a quartz (CFQ) EPR tube. The instrument 
parameters used to obtain the reference cell spectra are shown in Table 5.1, along 
with other sample parameters to be discussed. The parameters were saved into the 
instrument before analysing samples.  
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Table 5.1: Parameters for the EPR instrument using EPR commander software for the 
different types of samples being analysed. Solid pet food refers to ground down pet food 
directly added into an EPR tube for scanning while PBN and POBN refer to extracting 
and spin trapping the sample before collecting the EPR spectrum. 
 Reference cell TEMPO Solid pet food PBN and POBN 
Centerfield, mT 340 335 335 335 
Sweep width, mT 80 10 20 20 
Mod. Ampl., uT 200 150 200 200 
Power atten., dB 15 15 12 12 
Gain value 5 2 6 6 
Gain order 2 1 2 2 
Sweep time, s 90 30 30 30 
Number of scans 2 3 3 3 
 
TEMPO 
TEMPO, a stable radical, was prepared at 2 mM in heptane. 
Sample preparation 
Kibble was ground down using a ‘NutriBullet’ blender prior to all treatment and sample 
analysis using EPR. Sample extraction was required prior to analysis incorporating spin 
traps.  
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Initial sample extraction 
Initially extraction was completed using 1 g of ground pet food, digest or oil and 
combining with 5 ml of heptane. This solution was vortexed for 1 minute, left at room 
temperature for 10 minutes, vortexed for a further minute and centrifuged for 5 minutes 
at 2000 rpm. The supernatant was then collected for spin trap treatment.  
Final sample extraction 
Alternatively, the oils were extracted from the dry pet food samples with petroleum spirit 
following the AOCS PV method discussed in previous chapters. For this, 60 g of sample 
was filtered using 100 ml of petroleum spirit. The solvent was then evaporated at 35 °C. 
The extracted fat was then used for spin trap treatment. 
Solid pet food 
Dry pet food samples including meal and kibble were analysed directly in their solid form 
as per the parameters stated in Table 5.1.  
PBN and POBN spin traps 
Spin traps, PBN and POBN, were prepared as a 150 mM stock solution in toluene and 
dichloromethane respectively. 100 µl of the spin trap stock solution was combined with 
100 µl of the sample (from heptane extract, oil or extracted fat). The mixture was vortexed 
for 10 seconds before transferring the mixture into an EPR tube. The sample was scanned 
on the EPR before heating at 60 °C for 1 hour to initiate lipid oxidation. Another scan 
was then completed. The parameters used are stated in Table 5.2. All solvents involved 
in the methods containing spin trap treatment were degassed under nitrogen prior to use.  
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Instrument 
EPR analysis was undertaken on an ADANI EPR (ESR) Spectrometer CMS 8400 
supplied by Scientifix (Cheltenham, Victoria), shown in Figure 5.1 (a), using EPR 
Commander 7.0 for data collection. Figure 5.1 (b) demonstrates a spectrum able to be 
produced using the instrument software.  
 
Figure 5.2: (a) Bench top EPR instrument set up, circled in red is where the sample is 
inserted into the sample cavity holder for analysis. (b) An example EPR spectrum 
(anchovy fish oil treated with POBN and kept at 60 °C to allow lipid oxidation to occur). 
The change in the measured intensity over time allows the lipid oxidation to be measured. 
The red arrow and lines indicate how the intensity value is measured from the EPR 
spectrum. 
(a) 
(b) 
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For EPR analysis, the tube containing the sample was wiped before inserting into 
the sample cavity. The sample was left within the instrument for 30 seconds to allow 
the temperature to equilibrate before selecting the tune button on the software. Once 
automatic tuning is complete, a spectrum can be collected by selecting start. Once 
the initial tuning is completed, the instrument can automatically update tuning at a rate of 
ten times per second while waiting for the next command for samples left within the 
sample cavity. The sample EPR intensities were obtained as shown in Figure 5.2 (b), with 
intensity change calculated as the final value after sample heating minus the initial 
intensity value. 
Results and discussion 
Instrument capabilities 
For initial setup of the bench top EPR instrument, the reference cell was used. After 
inserting the sample into the cavity and waiting for the sample to reach the instrument 
temperature (approximately 30 seconds) tuning was conducted using the sample tuning 
feature in the software.  
To test the instrument precision, the reference cell was scanned in replicates of seven. 
This was completed in one day to determine the instrument repeatability and on seven 
consecutive days to the determine the reproducibility. Results are shown in Table 5.2. 
Replicates completed using the instrument’s automatic tuning capabilities resulted in 
precise EPR intensities when testing the reference cell as demonstrated by an RSD 
percentage of 0.74. This was further improved by baseline correcting the spectra. Baseline 
correction involves straightening out the spectrum before obtaining the intensity value. 
Removing and reinserting the sample and conducting a tune between each of the seven 
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replicates resulted in a greater RSD percentage, 1.37, which is still within acceptable 
limits. This demonstrates the greater precision obtained by the EPR instrument when the 
sample can be left within the cavity when numerous scans of the same sample are 
required. 
Table 5.2: (a) Repeatability EPR capabilities where the reference cell was tested 7 
consecutive times on the same day and (b) reproducibility EPR capabilities where the 
reference cell was tested on 7 consecutive days. 
(a) Repeatability 
Intensity 
sample left in 
cavity 
sample left in 
cavity 
w/ baseline 
correction 
sample 
removed 
between 
scans 
sample 
removed 
between 
scans 
w/ baseline 
correction 
mean 21941.71 21795.86 23240.00 23230.71 
Standard deviation 161.94 139.24 351.00 317.29 
RSD (%) 0.74 0.64 1.51 1.37 
 
 
A further seven replicates of the reference cell were analysed on different days and 
resulted in an acceptable RSD percentage demonstrating good inter-day precision. It was 
(b) Reproducibility Intensity 
Intensity w/ baseline 
correction 
mean 20847.14 20807.57 
Standard deviation 718.03 647.70 
RSD (%) 3.44 3.11 
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decided to scan the reference cell each time sample data is to be collected on the EPR 
instrument. Using the 7 replicates from the reproducibility data, an upper and lower limit 
was calculated for daily checking of the instrument. This was determined as plus or minus 
two times the standard deviation of the mean. This can ensure the instrument is within 
specification. If the reference cell intensity value does not fall within this specified range 
samples can be corrected based off this shift. The reference cell spectrum is shown in 
Figure 5.3. It contains 6 lines. When interpreting the signal obtained from EPR, the 
number of lines can be useful in providing information on the spin involved through the 
calculation 2NI+1, where N is the number of nuclei and I is the nuclear spin [187]. Using 
the calculation of 6=2NI+1, the spin is 5/2 for the Mn2+reference.  
 
Figure 5.3 EPR spectrum for the reference cell containing Mn2+ in MgO. 
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Pet food sample analysis 
After the stability of the instrument and signal were assessed, pet food samples were 
considered. Analysis of the transient radical species formed during lipid oxidation in pet 
food samples may not result in a stable signal (in contrast to the reference cell results 
shown previously). Therefore it is important to collect multiple scans over a short time 
frame and record the average [185]. To best achieve this, the parameters were changed so 
that three scans were recorded at thirty seconds each and the average intensity calculated 
(compared to two scans collected over ninety seconds each, used previously). Initially a 
large sweep width was employed to ensure any radical patterns within the samples types 
under investigation would be collected during the scan. Changing the sweep widths alters 
the scan range performed across the magnetic field. Once the spectral pattern from radical 
activity is observed, the parameters can be adjusted to zoom in and centre the area of 
interest. This led to the parameters stated in Table 5.1.  
Common samples received by a laboratory that tests pet food products include meat meal, 
kibble, tallow, oil and digest. The mentioned samples were analysed directly on EPR. 
Direct analysis refers to the sample being transferred into a quartz cell and scanned on 
EPR without pre-treatment. The EPR spectra showed radical activity for only kibble and 
meat meal samples. Testing the stability of the solid samples, ground kibble and meal, 
over seven days at room and elevated temperatures showed no change in intensity over 
time (data not shown), suggesting either stable radicals or transient radicals at a relatively 
consistent concentration are involved. Figure 5.4 shows the EPR spectra of a meat meal 
and a kibble sample. The oils did not produce any signal when employing the quartz tube 
or alternative flat cell, suggesting no stable radicals present at detectable limits. 
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Figure 5.4: Example EPR spectra from the direct analysis of (a) meat meal and (b) kibble. 
Most of the meal and kibble samples directly analysed produced spectra like the example 
shown in Figure 5.3 (a) with one EPR line. The EPR lines observed can be used to 
determine the radicals within the sample. However, there is not enough information with 
the single line spectrum shown in Figure 5.4 (a) for simple interpretation. The spectrum 
shown in Figure 5.3 (b) contains 6 equivalent EPR lines which would be associated with 
a 5/2 spin and 1 nuclei using the number of lines equation. One of the benefits in using 
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EPR is its ability to only detect species with unpaired electrons reducing the chance of 
interference. However, it is still possible that complex samples like meat meal and kibble 
contain different radicals that may or may not be involved in the lipid oxidation process. 
EPR is capable of detecting transition metals which have been found in pet food. To 
identify the radicals observed, knowledge of the possible radicals present is required. This 
can allow for a standard to be scanned or an experimental simulation for comparison with 
the unknown radical.  
As the purpose of this work is to develop a simple qualitative test that can indicate the 
progress of lipid oxidation for industry use, the identities of the radicals involved here 
were not investigated further. Instead work was directed towards producing a simple test 
able to detect lipid oxidation radicals through spin trapping to compare meat meal, kibble 
and oil with one procedure. Spin trapping stabilises short lived radicals unable to be 
detected on EPR so that the radical concentration is increased to a detectable level. Some 
meat meal and kibble samples will also be analysed directly during method development. 
This can determine whether these directly detected stable radicals may interfere in the 
spin trapping method to be developed. For example, metals, which can be observed on 
EPR, are known to affect the rate of lipid oxidation [71]. Or the directly detected stable 
radicals may add to the spin trapping intensity observed. For this, the spin trapping and 
directly detected stable radicals will be compared for possible trends. 
Sample extraction solvent 
Common lipid extraction solvents include heptane, chloroform, methanol, ethanol, ethyl 
acetate and petroleum spirit [40]. To develop an EPR method to assess lipid oxidation, it 
is important to consider the solvent’s dielectric constant. This is because the signal 
response of an EPR active species is attenuated by the medium it is in. Keeping 
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parameters the same, the higher the dielectric constant, the lower the EPR signal response 
and the harder the signal is to obtain in a standard round EPR tube [258]. This is because 
the high dielectric constant absorbs the microwaves which is not ideal [259]. This signal 
decrease can be overcome with small pathlength and using an expensive hand crafted flat 
cell EPR tube allowing for samples in water and other solvents with high dielectric 
constant to obtain a spectrum. However, this would be impractical for industry use where 
many samples are analysed daily; standard tubes which can be purchased at a lower cost 
in bulk would be preferred. This, along with considering the polarity of samples of interest 
is the reason for requiring a low dielectric constant. Looking at Table 5.4, common lipid 
extraction solvents with a low dielectric constant value include heptane, chloroform, ethyl 
acetate, tert-butyl methyl ether (TBME) and petroleum spirit. The intensity changes to be 
observed from lipid oxidation will be initiated by heat. A temperature close to 70 °C but 
not higher would be preferred to initiate lipid oxidation as above this has been suggested 
to result in a different degradation process [211], and the greater the temperature, the less 
time that should be required to produce a noticeable change in EPR intensity. Based on 
this information, lipid oxidation was accelerated by heating for one hour at 60 °C. 
Chloroform and TBME were not tested as their boiling points are at or below this 
temperature. Heptane, ethyl acetate and petroleum spirit were tested within the EPR 
instrument without any sample before and after heating. Ethyl acetate and petroleum spirit 
could not be tuned or scanned after heating. Petroleum spirit has a boiling point of 60 - 
80 °C so changes to the solvent may have led to this issue. Based on this outcome, heptane 
was used for sample extraction rather than reducing the temperature and testing 
chloroform and TBME. Heptane is the preferred solvent to use due to its low dielectric 
constant, high boiling point and less hazardous properties compared with chloroform. 
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Table 5.4: Dielectric constant, boiling point and relative polarity for several chemical 
solvents. Values obtained from Handbook of Organic Solvent Properties, Ian M. 
Smallwood [260]. 
Solvent   
Dielectric Constant 
(20 °C) 
Boiling point 
(°C) 
Relative 
polarity 
Petroleum ether  1.844 60 - 80 0.009 
hexane  1.9 69 0.009 
heptane  1.924 98 0.012 
toluene 2.38 110.6 0.099 
tert-butyl methyl ether 
(TBME) 
4.5 55 0.148 
chloroform  4.8 61 0.259 
ethyl acetate  6.02 77 0.23 
dichloromethane (DCM) 9.1 40 0.309 
ethanol  22.4 78 0.654 
methanol  32.6 64 0.762 
water  79.7 100 1 
 
To determine the best solvent volume required in the EPR tube for analysis, a solution of 
TEMPO at 2 mM in heptane was employed. TEMPO is a stable free radical known to 
produce a signal on EPR and has previously been used for EPR calibration and as a 
reference [254, 261]. Volumes in the quartz tube varied from 50 to 300 µl. As shown in 
Figure 5.5 (b), a sample volume of 150 µl was optimum. Sample volume intensities 
changed by less than 10 % between 100 to 250 µl, therefore a sample volume within this 
range is acceptable. Using a lower sample volume reduces waste. The instrument was 
unable to tune samples above 250 µl. 
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Figure 5.5: (a) EPR spectrum of TEMPO at 2 mM in heptane; (b) effect of sample volume 
on signal intensity for a solution of TEMPO in heptane in a standard EPR tube. 
Spin trapping 
EPR can detect short lived radicals involved in the lipid oxidation process. Because the 
radicals are short lived, they need to be ‘trapped’ to increase the radical concentration to 
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high enough levels for EPR detection. Spin trapping is an effective chemical 
derivatization method for converting short live radicals into fairly stable spin adducts 
generally through addition of a nitrone or nitroso compound [187, 262]. Nitroso 
compounds are quite unstable in aqueous solutions and only nitrone compounds are able 
detect oxygen centred radicals at room temperature making the latter spin trap most 
frequently used [263, 264]. Nitrone spin traps 5,5-Dimethyl-1-Pyrroline N-oxide 
(DMPO), N-tert-Butyl-α-phenylnitrone (PBN) and α-(4-pyridyl N-oxide)-N-tert-
butylnitrone (POBN) have been employed for the detection of lipid oxidation [255, 265, 
266]. Their structures are shown in Figure 5.6. DMPO provides more distinctive data 
compared to PBN and POBN [187]. In this study the aim is to detect all radicals formed 
within a sample during accelerated lipid oxidation rather than acquiring detailed 
information, making PBN and POBN use adequate. 
 Figure 5.6: Spin trap structures from left to right DMPO, PBN and POBN. 
Previous research has included adding a weighed amount of PBN or POBN directly into 
oil samples for analysis [55, 191, 252, 267]. This technique would require the spin trap 
to be accurately weighed out each time a sample is analysed to avoid any variation in 
results.  A common problem in industry is analytical variability, this can be reduced via 
training and replication or more preferably with methods that remove this potential 
problem altogether. An alternative and preferable way of adding spin trap to the samples 
would be to prepare a stock solution of spin trap that is added at a known volume to the 
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sample. To determine the solvent used to prepare the spin trap stock solutions, the spin 
trap solubility and the sample type should be considered. PBN was employed along with 
POBN which is a water-soluble analogue of PBN. PBN has previously been prepared in 
chloroform and dissolves in toluene [268]; POBN has been prepared in chloroform and 
DCM [253]. Toluene has a lower boiling point than chloroform. As the samples are being 
heated, the solvent may evaporate, effectively increasing the concentration of POBN. 
This greater concentration may be beneficial in producing a larger signal as it ensures the 
spin trap will be in excess so all the radicals present can react. However, POBN is 
insoluble in the extraction solvent, heptane, which may leave solid POBN. This is 
problematic as it stops the radical forming within the sample from being trapped and 
detected. The spin trap does dissolve in oil samples. Therefore, a possible way to solve 
this issue would be to extract the oil from the pet food sample and then remove the 
extraction solvent by evaporation prior to EPR analysis, following the AOCS PV 
extraction method [43]. This requires more solvent, sample and time to complete the 
analysis, but it would be useful when comparing the developed EPR method with the 
AOCS PV method, as sample preparation will not be a variant. Regardless of the 
downfalls mentioned above, DCM was also investigated for preparing the POBN stock 
solution.   
Chloroform was an alternative solvent that could be used for preparing the spin trap stock 
solutions. It may also evaporate over the course of the analysis, leaving a more 
concentrated spin trap within the sample. An additional benefit of this solvent is it can 
also be used for extracting the lipids from a sample. Considering these factors, chloroform 
was one of the solvents investigated for preparing the spin trap stock solution. Toluene 
was another solvent mentioned for preparing PBN. It has a low dielectric constant, high 
boiling point and is miscible in heptane, making it ideal. Toluene, DCM and chloroform 
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were explored for spin trap stock solution preparation. Results are shown in Figure 5.7. 
Stock solutions were prepared at 150 mM for both spin traps, PBN and POBN. Initial 
EPR analysis involved preparing the two spin traps in their chosen solutions. Anchovy 
oil was then treated with the various spin trap stock solutions. This oil was used as it is a 
good example of a sample containing large amounts of polyunsaturated fatty acids 
(PUFA) to undergo lipid oxidation. The anchovy oil had a low PV of 2.74 meq/kg 
indicating a fresh sample that has not undergone significant oxidation. The spin trap stock 
solution and anchovy oil were combined at 1:1 for a final volume of 150 µl into an 
Eppendorf tube and mixed. The treated sample was transferred to an EPR tube and the 
base line spectrum was collected on EPR. The sample was then heated for 1 hour at 60 °C 
to accelerate lipid oxidation. POBN produced a greater intensity signal by 151.3 % than 
PBN. Preparation of POBN in DCM outperformed the chloroform solution by 56.3 % 
This may be attributed to the increase in spin trap concentration within the samples as the 
DCM evaporates at this temperature. POBN cannot be prepared in DCM when samples 
are extracted with heptane as this would result in undissolved spin trap as discussed 
previously. Despite this, the greater signal achieved by POBN in DCM was investigated. 
Instead of using the sample extracted in heptane solution, the fat was extracted out of the 
pet food samples according to the AOCS PV method. This involved filtering the sample 
with petroleum spirit (60 -80 ºC) and putting it through the rotary evaporator. This is more 
time consuming and requires a greater amount of sample. However, the samples will 
undergo this process regardless so the AOCS PV can be obtained for comparison purposes 
while developing this lipid oxidation EPR method. 
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Figure 5.7: EPR spectra of 75 µl of anchovy oil treated with spin traps (a) POBN and (b) 
PBN at 75 mM in the different solvents as stated. Anchovy oil was scanned after an hour 
at 60 °C. 
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Further spin trap sample treatment was investigated by adding POBN in DCM at varying 
concentrations to 75 µl of anchovy oil. The intensity was collected after heating the 
sample at 60 ºC for 1 hour. This would result in the DCM evaporating off leaving only 
POBN in 75 µl of anchovy oil as a way of determining the optimum spin trap 
concentration. Results are shown in Figure 5.8. Combining 100 µl of the POBN stock 
solution with 75 µl of oil gave a spin trap concentration of 116.67 mM, and produced the 
highest intensity signal. The sample intensity decreased past this point, therefore POBN 
stock solution was added at the optimum concentration of 116.67 mM. This concentration 
can be used for all oils types as the results ensure enough spin trap is present to trap 
radicals. 
Figure 5.8: POBN spin trap concentration optimisation after preparing in DCM and 
combining with 75 µl of anchovy oil and heated for 1 hour at 60 °C to obtain the EPR 
intensity. 
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Reaction temperature and time 
Lastly, anchovy oil was analysed over a 110 minute period at various temperatures, 
including room temperature, 40, 50, 60 and 70 °C, to determine the best time and 
temperature to accelerate lipid oxidation. This was achieved by developing a batch file to 
automate the analysis. This allows the sample to sit within the cavity heating at the set 
temperature while the instrument tunes and scans the sample at specified time intervals.  
Figure 5.9 shows EPR radical intensity rapidly increases at temperatures of 60 and 70 °C 
after 40 minutes. This is important as the basis for this method is to develop a fast and 
simple approach where similar samples can be distinguished from one another by their 
EPR intensity.  The data for each temperature tested was an average of two sample runs. 
At 70 °C both samples decreased in intensity after approximately one hour of heating.  
This suggests the spin traps are not stable at this temperature or another reaction takes 
place affecting the spin trapped radical. The lipid oxidation reaction pathway can alter 
from a change in temperature conditions when at or above 70 ºC [216]. The results for 
the oil samples tested at 50 °C showed a higher intensity at 30 and 40 minutes where the 
other sample temperatures below this had not started to separate out. Based on this 
information, 60 °C was chosen for accelerating lipid oxidation. This temperature is above 
the boiling point for DCM (39.6 °C) meaning the solvent will evaporate. Therefore, when 
analysing pet food, the samples will need to be extracted prior to combining with the spin 
trap so it can dissolve. The 1 hour heating time was kept as this was enough to produce a 
significant change to the intensity for a sample with a low PV. Based on the low PV this 
sample has not reached the induction period. It is after this point that oxygen consumption 
quickly increases leading to an increase in free radicals [269]. Therefore, greater intensity 
change should be observed on the EPR for samples further along the lipid oxidation 
process.  
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Figure 5.9: Change in EPR intensity over time of anchovy fish oil kept at ambient 
temperature (dark blue) or heated at 40 (red), 50 (green), 60 (purple) and 70 °C (light 
blue). 
A similar experiment was completed using the AOCS PV for comparison of changes 
observed from lipid oxidation using two different techniques. The AOCS PV was 
collected every hour for the anchovy oil which was heated at 60 ºC. The AOCS PV is a 
destructive method that requires 5 g of sample for analysis, this meant a larger amount of 
oil was used for sampling with the AOCS PV when compared to EPR. Results are shown 
in Figure 5.10. Only a slight increase is observed over the 7 hours of analysis which is a 
longer time compared to EPR where the intensity increases after 1 hour. This 
demonstrates the benefits of employing EPR over the common AOCS PV method for 
determining the change in lipid oxidation as sample amount and time is reduced. 
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Figure 5.10: Change in AOCS PV over time of anchovy fish oil kept at 60 °C in the dark 
within a covered Schott bottle. 
A series of dilutions of anchovy fish oil were analysed by EPR to determine if a linear 
relationship could be obtained to establish the EPR's sensitivity. Silica oil was used for 
diluting the oil sample for EPR analysis. Results in Figure 5.11 show that the EPR method 
could detect changes at a low dilution, which demonstrates the accuracy of this instrument 
based on the R2 value of 0.9957. The blank response is from silica oil treated with the 
POBN spin trap, this intensity does not continue to increase as the sample is heated. 
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Figure 5.11: Anchovy fish oil diluted with silica oil and tested on EPR after treating with 
POBN and heating the sample for 1 hour at 60 °C. 
Sample analysis 
Meat meal samples were extracted following the AOCS PV method and this fat was 
analysed by EPR with POBN spin trapping and with the AOCS PV. The meat meal 
sample was also analysed directly on EPR prior to sample extraction. Direct EPR analysis 
was completed to check for any correlation between this EPR intensity and the EPR 
intensity produced from POBN spin trapping treatment. Meat meal was the only sample 
type tested here to investigated possible trends between the AOCS PV and EPR intensity 
with the aim to expand sample types once the method is further developed. The data is 
shown in Table 5.5 and corresponding graphs in Figure 5.12. The AOCS PV was 
compared with direct analysis on EPR and POBN treated samples, while the two EPR 
techniques were also compared to one another. The results are promising with samples 
with lower AOCS PVs also showing lower EPR intensities, compared to the samples with 
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higher AOCS PV (>4). The R2 values were all similar being in the range of 0.72- 0.78. 
The AOCS versus EPR direct analysis comparison produced the highest value suggesting 
they are more closely related than values obtained with the spin trapping method. Direct 
analysis and POBN treatment methods followed the same order of lowest to highest EPR 
intensity. This initial test only used a small sample number and was only completed on 
meat meal.  
Table 5.5: Values obtained from different techniques, EPR POBN treatment intensity, 
EPR direct analysis intensity and AOCS PV for comparison purposes of 10 different meat 
meal samples. 
Sample 
EPR Intensity  
– direct analysis 
EPR intensity  
– POBN treatment 
AOCS PV  
(meq/kg) 
1 1973.0 196.0 1.4 
2 1765.0 393.0 0.5 
3 1477.0 871.0 1.1 
4 3776.0 919.0 1.0 
5 1293.0 1675.0 1.3 
6 4895.0 3233.0 5.9 
7 9363.0 3311.0 5.5 
8 21632.0 3766.0 9.0 
9 14946.0 4148.5 4.1 
10 17385.0 5412.0 7.3 
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Figure 5.12: (a) AOCS PV versus EPR intensity for both direct analysis (red triangles) 
and POBN treatment (purple squares), and (b) EPR intensity for both direct analysis 
versus POBN treatment on meat meal samples. 
After the initial sample testing, a larger study involving different types of pet food 
samples was undertaken, comparing EPR and AOCS PV analysis. A few other techniques 
were also used to determine if trends may be observed elsewhere. They included the FOX-
II method which has been used as an alternative to the AOCS PV, antioxidant treatment 
using both the natural antioxidant HPLC method and synthetic antioxidant GC method 
(refer to chapter 4 of thesis) and a GC detection method for oxidative by-products (refer 
to chapter 3 thesis). Results are shown in Table 5.6. Not all samples were able to be 
directly analysed on EPR, this included all oil samples, as discussed earlier, and some 
meat meal samples. There was no trend for the meat meal samples that were unable to be 
directly analysed compared to those that were, with the EPR instrument unable to tune 
those samples. Manual tuning was attempted, but also did not allow for the meat meal 
samples to be scanned. No trends were observed across the methods for this larger sample 
test group. Figure 5.13 shows a visual comparison of the EPR POBN treatment test results 
(a) (b) 
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to the AOCS PV, total antioxidant concentration and oxidative by-product concentration 
results. Subsets of the different test techniques and the sample types were looked at and 
no correlation was able to be found. Therefore, despite the promising method 
development results suggesting the EPR method may be suitable for lipid oxidation 
detection, these results show more work is required.  
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Table 5.6: Values obtained from different techniques, EPR direct analysis intensity, EPR POBN sample treatment intensity, AOCS PV, FOX-II PV, 
antioxidant treatments and oxidative by-product analysis. This was completed on meal, oil and kibble samples for comparison purposes. 
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S17 meal NA 340.5 0.99 0 10.7 3.09 0.26 14.05 28.68 0 0 28.68 42.73 43.37 0 43.37 
S22 meal NA 1967.5 1.23 1.33 0.94 0 0.56 1.5 27.15 0 0 27.15 28.65 0 0 0 
S18 meal NA 1132 1.75 0.03 3.83 21.86 30.74 56.43 7.74 0 0 7.74 64.17 3.62 2.39 6.01 
S21 meal NA 2482 3.15 0.93 0.86 0 0 0.86 1.3 0 0 1.3 2.15 8.25 2.2 10.45 
S20 meal NA 1361.5 3.65 1.53 2.81 12.17 27.88 42.86 4.18 0 0 4.18 47.04 4.65 3.25 7.9 
S19 meal NA 13755.5 4.31 2.53 0 0 0 0 11.79 0 0 11.79 11.79 1.58 4.28 5.86 
S13 meal 7824.5 495.5 4.94 0.83 7.35 38.87 36.57 82.79 0 0 0 0 82.79 0 0 0 
S15 meal 8999 1281.5 5.04 0.53 0.2 1.39 4.15 5.74 0 0 0 0 5.74 0 0 0 
S11 meal 13083 3440.5 6.27 4.33 0.2 0 0 0.2 4.81 0 0 4.81 5.01 2.57 4.55 7.12 
S16 meal 4190.5 3179.5 6.5 3.83 1.26 3.69 20.41 25.36 0 0 0 0 25.36 2.03 4.71 6.74 
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S12 meal 4281.5 637 6.7 1.43 4.47 21.67 38.02 64.16 17.69 0 0 17.69 81.85 5.37 3.02 8.4 
S14 meal 7198 797.5 6.92 2.43 0.23 2.29 5.88 8.41 0 0 0 0 8.41 0 0 0 
S34 oil NA 408.5 1.93 36.13 498.66 17.38 0 516.04 0 0 0 0 516.04 0 0 516.04 
S31 oil NA 1712.5 2.79 6.13 40.04 8.9 0.6 49.55 233.78 0 0 233.78 283.34 6.93 23.41 283.34 
S32 oil NA 1639 3.08 6.43 52.24 8.82 1.03 62.1 525.61 0 0 525.61 587.71 7.63 27.7 587.71 
S30 oil NA 2966.5 3.59 8.73 45.94 8.62 0.37 54.94 0 0 0 0 54.94 6.34 32.42 54.94 
S27 oil NA 391.5 3.73 3.53 16.85 2.85 0.32 20.03 0 0 0 0 20.03 0 9.76 20.03 
S24 oil NA 1602 3.83 6.03 21.55 1.48 0.21 23.24 0 0 0 0 23.24 0 7.34 23.24 
S33 oil NA 2303 3.95 9.33 53.98 8.87 1.48 64.33 693.84 0 0 693.84 758.17 5.94 23.43 758.17 
S25 oil NA 419.5 4.33 14.33 55.48 8.19 0.39 64.06 0 0 0 0 64.06 0 28.87 64.06 
S29 oil NA 1146 4.56 10.63 29.32 17.03 0.49 46.84 0 0 0 0 46.84 0 20.73 46.84 
S28 oil NA 1406.5 6.29 16.53 25.69 16.5 0.21 42.4 0 0 0 0 42.4 0 36.32 42.4 
S26 oil NA 607 7.5 34.83 45.35 419.02 269.3 733.68 0 0 0 0 733.68 8.96 33.56 733.68 
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S23 oil NA 7505.5 12.14 25.63 24.9 4.97 0.35 30.22 0 0 0 0 30.22 32.81 83.95 30.22 
S40 kibble 2047.5 574 1.23 1.13 2.19 1.17 0.62 3.99 0.81 0 0 0.81 4.8 2.1 2.4 4.5 
S36 kibble 2875 924 1.72 0.83 3.82 5.01 2.21 11.04 31.62 0 0 31.62 42.66 3.41 0 3.41 
S38 kibble 3913.5 1883 8.13 5.53 3.88 13.3 25.24 42.42 0 0.67 0 0.67 43.09 4.9 3.98 8.88 
S35 kibble 4211.5 854 10.98 10.13 7.77 29.8 94.24 131.8 5.41 0 0 5.41 137.22 5.4 12.19 17.59 
S39 kibble 2731.5 2267 24.22 13.23 3.17 8.31 7.45 18.93 39.8 0.7 0 40.5 59.43 3.58 13.88 17.46 
S37 kibble 4393 1382 34.59 21.33 19.64 49.4 35.81 104.85 0 0 0 0 104.85 2.44 15.13 17.57 
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Figure 5.13: Comparison charts of EPR POBN sample treatment intensity against (a) 
AOCS PV, (b) total antioxidant treatment which included alpha, gamma and 
delta-tocopherol, BHA, BHT and EQ and (c) oxidative by-products hexanal and 
2,4-decadienal. 
(a) 
(b) 
(c) 
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Rancimat for EPR comparison 
As no correlation was observed with the EPR method developed against the AOCS PV, 
oxidative by-products or antioxidant treatment results, the possibility of interference was 
considered at is possible that the complex samples contain substances that can interfere 
in the analysis, such as antioxidants. 
Antioxidants have been shown to affect spin trap results for lipid oxidation detection 
methods on EPR. Ascorbic acid acted as a prooxidant influencing the stability of beer 
when used with PBN [256]. Alpha-tocopherol addition resulted in change to the reaction 
pathways so that the typical PBN adducts detected without the antioxidant were inhibited 
[257]. Alpha-tocopherol has also lead to an increase in EPR signal intensity for oil 
samples treated with PBN [252].  Antioxidants retard the onset of lipid oxidation by 
reducing radicals and as a result may compete with the spin trap during the detection of 
lipid oxidation on EPR. Based on this, anchovy oil containing known amounts of 
antioxidants were analysed with slight changes to the EPR method. Instead of recording 
the change in intensity, a batch file was used to allow scans to be complete at regular 
intervals while the treated sample sat within the EPR cavity and was heated. This would 
allow for the induction period (IP), the time before sample oxidation begins to rapidly 
increase, to be detected in a similar approach to the Rancimat. This is another method 
used for lipid oxidation detection that has been shown to correlate well with EPR analysis 
[55]. The Rancimat determines the induction period through monitoring another stage of 
lipid oxidation, as it measures a water conductivity value from the volatile compounds 
formed during the termination stage. Obtaining an IP from EPR was achieved using the 
POBN technique developed in this research and calculated the final time point a linear 
range is obtained; data is shown in Figure 5.14. An increase in radical formation was 
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shown through EPR intensity data suggesting the lipid oxidation process taking place 
could be detected. The anchovy oil was also treated with 2 % of either a natural or 
synthetic antioxidant mixture to determine what effect it may have on the EPR IP. 
Correlation was observed between the induction periods calculated by both EPR and 
Rancimat methods, highlighting the potential of EPR for detection of the IP from lipid 
oxidation. As expected, the EPR results gave shorter induction periods when compared 
with the Rancimat; this is because the EPR measures the earlier initiation stage of 
oxidation, whilst the Rancimat measures volatile compound formation during the 
termination stage. As expected, the untreated oil sample produced the lowest induction 
period. The synthetic antioxidant mixture was shown to produce a more stable oil sample. 
These antioxidants work more strongly at reducing oxidation [71]. Based on these results 
this method would be a preferable approach for EPR lipid oxidation than looking at a 
single value (the intensity change at a single time point) as more information can be 
gained. This does however increase analysis times for each sample compared to 
measuring the intensity change at a single time point, which allows many samples to be 
analysed in one go. 
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Figure 5.14: Oxidative stability of untreated fish oil (blue) and fish oil treated with 2 % 
natural antioxidants (purple) or 2 % synthetic antioxidants (red); with (a) EPR and (b) 
Rancimat. 
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Unfortunately, the temperature of the sample cavity of the EPR instrument fluctuated 
quite significantly and required manual adjustments throughout analysis to keep the 
temperature within a set range. This is not a practical approach when testing a sample at 
set time intervals. The temperature variation of the EPR is shown in Figure 5.15. When 
the temperature was set to 65 °C, the actual EPR temperature fluctuated between 35.4 °C 
and 41.5 °C over a 2 hour period, a difference of 6.1 °C, and more than 20 °C below the 
set temperature. The large variation observed when allowing the instrument to 
automatically control the temperature is not acceptable for comparing samples to one 
another and suggests the temperature control capabilities of the instrument require 
significant improvement before being suitable for use. 
 
Figure 5.15: Variation of the EPR temperature in the sample cavity when set to 65 °C. 
An alternative method to heat the samples was tested, by using an aluminium block that 
could be heated and accurately stayed within 0.1 ° C of the set temperature. The block 
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was custom made with holes to hold the EPR tubes. The downside to this approach is that 
the sample must be removed from the sample cavity to be heated. This means every time 
the sample is reintroduced into the cavity, the instrument needs to be tuned prior to 
scanning the spectra. The time taken to complete a tune varies from seconds to minutes 
making accurate interval timing difficult. Also, as the sample is required to be in the 
sample cavity for tuning and scanning, it will not be held at a consistent temperature. 
Reintroducing the sample into EPR sample cavity multiple times also results in greater 
variation of results compared with leaving the sample within the cavity. The RSD % for 
these scenarios were compared in Table 5.7; leaving the sample within the cavity required 
the instrument to be tuned only once and gives a more accurate RSD of 0.82 % compared 
to tuning each time at 6.46 %. 
Table 5.7: Mean intensity, standard deviation and RSD % for an oil sample scanned 7 
times when left in the sample cavity and not re-tuned between scans, and after removing 
and replacing the sample 7 times which required tuning prior to each scan. The sample 
was treated with POBN and heated for 1 hour at 60 °C. 
 Left in cavity Removed and replaced in cavity 
Mean intensity 6798.71 5741.57 
St.dev 56.00 371.16 
RSD (%) 0.82 6.46 
 
Alternative approaches to initiating lipid oxidation were considered which would allow 
the sample to undergo accelerated lipid oxidation within the EPR cavity at room 
temperature. This eliminates the EPR instrument issues associated with temperature 
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control and tuning previously discussed. Lipid oxidation can be initiated by light 
exposure, hydrogen peroxide addition or the use of a metal ions such as iron [68].  For 
this work, the effectiveness UV light exposure to induce radical formation within samples 
was tested based on Stzerk et. al. [253]. The anchovy oil was again employed. The sample 
was treated with the spin trap and analysed by EPR to obtain an initial reading. The 
sample was then exposed to a timed amount of UV light at 254 nm and scanned again. 
UV exposure times were investigated. From this a 15 second exposure was found to be 
optimum as shown in Table 5.8.  
Table 5.8: EPR change in signal intensity after exposing anchovy oil treated with POBN 
to UV light for various times. 
 no exposure 5 seconds 10 seconds 15 seconds 20 seconds 
Intensity change 0 40 244 269 233 
 
Next, oil samples were treated with 10 ppm of one of five common antioxidants found in 
pet food which were alpha-tocopherol, butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BHT), ethoxyquin (EQ) or ascorbic acid (AA). After a 15 second UV 
exposure, the sample was left to be scanned every 5 minutes. Figure 5.16 shows the 
differences in responses obtained from the various antioxidants under investigation. BHA 
and BHT stayed steady throughout the experiment with no increase observed after 1 hour. 
Addition of ascorbic acid led to an increase after 10 minutes with the intensity after 60 
minutes up above the control. Alpha-tocopherol and EQ both resulted in an immediate 
change in intensity after the initial UV exposure however the EQ treated sample declines 
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over time whereas the alpha-tocopherol treated sample slowly increased over 50 minutes 
and dropped slightly in the last 10 minutes.  
 
Figure 5.16: EPR data of anchovy oil treated with various antioxidants exposed to UV 
light at 254 nm for 15 seconds. Time 0 refers to the time immediately after UV light 
exposure.  
Table 5.9 shows the intensity change observed from initial exposure to UV light for all 
antioxidant treatments. EPR intensity values collected before UV exposure involved 
adding the antioxidant to the oil sample, mixing in the POBN and waiting 5 minutes 
before scanning and then exposing the sample to UV light. AA, BHA, BHT and EQ 
showed little change in signal intensity suggesting the antioxidants are competing with 
the spin traps for radicals or are effective at preventing further oxidation of the radicals 
being formed. Interestingly, EQ gave a large signal prior to the UV light exposure. This 
is due to EQ’s ability to exist partly as free radical which was demonstrated by Skaare et. 
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al. [270]. Their work also showed UV light to largely affect the free radical concentration 
observed with EQ. 
Table 5.9: Changes in EPR signal intensity when exposing fish oil treated with POBN to 
UV light for 15 seconds after treatment with various antioxidants. 
 No 
treatment 
Alpha- 
tocopherol 
Ascorbic 
acid 
BHA BHT Ethoxyquin 
Before UV 
exposure 
794 500 364 374 424 1142 
After UV 
exposure 
1256 1450 366 430 422 1150 
Intensity 
change 
462 950 2 56 -2 8 
 
Data suggests the POBN treatment method developed for this research would not be 
useful on its own for detecting lipid oxidation and instead requires additional testing of 
antioxidant concentrations. The method may have potential in the rendering process prior 
to antioxidant treatment. Detection of lipid oxidation at this early stage of the 
manufacturing process may allow for better knowledge into the concentration of 
antioxidant treatment required to keep the sample from rancidity. Further analysis of this 
would require the instrument to be set near the rendering plant to ensure immediate 
analysis of the change in radical intensity.  
Conclusion 
Preliminary tests indicated the ability for EPR to detect lipid oxidation after initiation. A 
simple, fast approach to detecting lipid oxidation was developed using POBN spin 
trapping treatment and EPR intensity change which is useful in an industry setting. 
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However, no trends were observed when comparing the different pet food sample types 
to one another with this approach with the AOCS PV, antioxidant concentration or 
oxidative by-product concentrations. Two contributing factors are the stage of lipid 
oxidation and interferences from antioxidants within the sample. Once lipid oxidation has 
commenced many radicals are formed throughout the process making it difficult to 
determine what stage of lipid oxidation the sample is up to unless alternative methods 
able to help identify the stage are included. Antioxidants are added to pet food throughout 
the manufacturing process from meat meal production through to the kibble to ensure the 
product is stable for use and it would be difficult to remove these sample components. 
For this reason, the simple intensity change method cannot be used for complex samples. 
It may instead be beneficial at the earliest stage of pet food manufacturing where 
antioxidant treatment has not been added to freshly prepared meat meal.  
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CHAPTER SIX: MODIFYING THE FERROUS OXIDATION-XYLENOL 
ORANGE METHOD FOR PET FOOD ANALYSIS IN AN ACCREDITED 
LABORATORY 
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2. Experimental 
3. Results and Discussion 
4. Conclusions 
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Introduction 
Lipids include polyunsaturated fatty acids (PUFA), which due to their allylic hydrogen 
are very unstable and can readily undergo lipid oxidation which leads to the formation of 
hydroperoxides. Omega-3 and omega-6 PUFAs are added to pet food for health benefits. 
Due to the potential for fatty acids to undergo oxidation resulting in rancidity, various 
methods are used in the pet food industry to detect and monitor this process. This includes 
the industry standard American Oil Chemists’ Society peroxide value (AOCS PV) 
method [43] and the ferrous oxidation-xylenol orange II (FOX-II) assay [49] which detect 
hydroperoxides formed during the propagation stage of lipid oxidation.  
The FOX-II assay is based on the reaction of Fe²+ with lipid hydroperoxides and xylenol 
orange to produce a Fe3+ xylenol orange complex that can be observed at 560 nm using 
ultraviolet-visible (UV-Vis) absorbance spectroscopy, as shown in Scheme 6.1, 
Equations 1 and 2. Equations 3 - 5 demonstrate potential unwanted side-reactions; these 
can be prevented by the use of an antioxidant, such as butylated hydroxytoluene (BHT) 
which can scavenge the reactive radicals, as shown in Equation 6 [271].  
1) ROOH + Fe2+ → Fe3+ + RO• + OH- 
2) Fe3+ + XO → Fe-XO 
3) RO• + RH → ROH + R• 
4) R• + O2 → ROO• 
5) ROO• + RH → ROOH + R• 
6) R• + BHT → RH + BH• 
Scheme 6.1 The Scheme shows the reaction of Fe²+ with lipid (R) hydroperoxides. 
reproduced from Nourooz-Zadeh [271]. 
215 
 
The colour produced from this reaction varies between orange to purple in colour 
depending on the amount of hydroperoxides present with greater peroxide formation 
producing a more purple solution [51]. The concentration of hydroperoxides present is 
directly related to the amount of Fe3+ formed, with the stoichiometry of this reaction at 
1:1 [272, 273]. As fatty acid hydroperoxides are too unstable for use as standards, other 
standards, including tert-butyl hydroperoxide, cumene hydroperoxide and hydrogen 
peroxide have been employed for the calibration [47, 274]. For optimum colour 
development it is recommended the pH is between 1.7 and 1.9 which can be achieved 
with 25 mM of sulfuric acid [47]. This pH allows for Fe2+ to be more stable, as it can 
convert to Fe3+ at pH above 7, and ensure the reaction is specific to hydroperoxides [49]. 
Gay et. al included perchloric acid instead of sulfuric acid for reagent preparation which 
improved sensitivity and reproducibility but resulted in a slower reaction [275]. 
Absorbance should be measured once a stable plateau is reached [49], incubations times 
have varied from 5 to 30 minutes [47, 50, 51, 274, 276, 277]. Lipid extraction solvents 
have included alcohols methanol and isopropanol [45, 51], and organic solvent 
chloroform with methanol [278] which cannot be directly analysed with the FOX-II 
method meaning evaporation and redissolving of the sample is required prior to analysis.  
The industry standard AOCS PV method, which is most commonly used to determine 
hydroperoxides, uses a large amount of sample, solvent and is time consuming. The 
FOX-II assay can reduce sample amount, solvent waste and analysis time compared to 
the AOCS PV method as it does not require 60 grams of sample extracted in 100 ml of 
petroleum spirit on the rotary evaporator. This makes the FOX-II assay a preferable 
method for industry applications where a simple, fast and reproducible method is required 
to analyse large numbers of samples. To establish the capability of the FOX-II method 
for determining hydroperoxides within pet food samples, method optimisation is 
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required. This will be completed using initial FOX-II conditions adapted from 
Nourooz-Zadeh et al. [45]. 
When undergoing accreditation of a method, it is essential that a method, whether in-
house or standardised undergoes the process of validation or verification respectively 
[279]. By doing so demonstrates the suitability of a method for its intended use. NATA 
technical note 17 provides guidelines for validation and verification, with the 
recommended investigation of method parameters for previously un-validated methods 
such as linearity of calibration, analyte selectivity, measurement sensitivity, measurement 
accuracy, limits of detection and quantification, ruggedness and measurement uncertainty 
[279]. Many of these aspects will be covered to determine the FOX-II assay’s suitability 
for pet food sample analysis. 
A comparison with the industry standard AOCS PV method was also made. Adaptations 
to the FOX-II assay for pet food analysis resulted in strong correlation with the industry 
standard AOCS PV method, producing an R2 value of 0.9552. 
Experimental 
Reagents 
Ferrous ammonium sulfate, xylenol orange, BHT, hydrogen peroxide, potassium iodide, 
sodium dodecyl sulfate (SDS), sodium thiosulfate solution (0.002 N) and sulfuric acid 
were supplied by Sigma-Aldrich (New South Wales, Australia).  Methanol and 
LiChrosolv® water were purchased from Merck (New South Wales, Australia). Iso-
octane and petroleum spirit (60 – 80 °C) were supplied by Chem-Supply (South Australia, 
Australia). 
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Sample preparation 
1 g of meal or ground kibble, or 0.5 g of oil was weighed into a 15 ml centrifuge tube and 
10 ml of methanol with 4 mM BHT was added. The sample was vortexed for 1 minute, 
left rocking for 5 minutes and then centrifuged at 1790 rpm for 5 minutes. Once complete 
the supernatant was collected for the FOX-II assay.  
Solvent preparation  
The initial conditions employed for the FOX-II assay were adapted from Nourooz-Zadeh 
et al. in regards to the reagents and concentrations used [45]. A solution containing 
sulfuric acid at 250 mM, ammonium ferrous sulfate at 2.5 mM and xylenol orange at 
1 mM was prepared in LiChrosolv® water and left to stir for 2 hours. After this time the 
solution was filtered and kept refrigerated when not in use, and discarded after 1 month. 
A solution of 100 % methanol (HPLC grade) containing 4.4 mM of BHT was also 
prepared for the reaction. The solution was prepared at least 24 hours prior to use, kept 
refrigerated and discarded after 3 months. All reagents were removed from refrigeration 
approximately 1 hour prior to analysis to ensure all solutions were at room temperature 
before use. For sample analysis, 400 µl of the xylenol orange solution was added to 3.5 ml 
of the methanol solution to produce an overall solution containing 25 mM sulfuric acid, 
250 µM ammonium ferrous sulfate, 100 µM xylenol orange and 4 mM of BHT in 90 % 
methanol. The sulfuric acid is required to keep the final pH between 1.8 ± 0.5, due to the 
method’s sensitivity to minor pH changes [275]. The working solution was combined 
with 100 µl of sample extract, rapidly vortexed for 5 seconds and left rocking for 5 
minutes before measuring the absorbance at 560 nm on a UV-vis spectrometer. 
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Hydrogen peroxide (H2O2) primary stock solution  
Varying hydrogen peroxide standards for calibration were prepared from a 170 μg/ml 
solution of hydrogen peroxide in methanol. This stock solution was prepared on the day 
of analysis with the calibration curve used to convert results from absorbance to µg/ml. 
Further conversion of the results into meq/kg of sample, units used for the industry 
standard AOCS PV, followed the equation shown in Scheme 6.2 
PV (meq/kg sample) = n × (x × V) / (M × w) 
Scheme 6.2 The Scheme shows the conversion to meq/kg of sample, where n is 
stoichiometry correction factor, x is results in µg/ml, V is extraction volume, M is H2O2 
molar mass in g/mol and w is sample weight.   
Instrumentation 
Analysis was completed on an Ensure Perkin Elmer Lambda 25 UV-vis spectrometer, 
using PerkinElmer UV WinLab software. The sample was placed into a 12 × 75 mm 
borosilicate tube. The absorbance was read at 560 nm with a slit width of 1 nm. 
 American oil chemists’ society peroxide value (AOCS PV) 
Prior to running the industry standard AOCS PV method, meal and kibble samples were 
extracted using a validated in-house method. For this, 60 grams of sample (meal or 
ground kibble) was filtered with 100 ml petroleum spirit (60 - 80 ºC) and evaporated 
using a Heidolph Laborota 4000 WB rotary evaporator. The extracted fat was collected 
for the PV determination. Oil and tallow samples were directly analysed using the PV 
method stated below. 
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The industry standard AOCS PV method was slightly modified [43], the method involved 
adding 50 ml of acetic acid-isooctane solution (3:2 (v/v)) with the sample and adding 
500 µl saturated potassium iodide solution in deionised water, prepared fresh on the day 
of analysis. The sample was left to mix for 1 minute and the reaction then stopped with 
30 ml of deionised water. 500 µl of 10 % sodium dodecyl sulfate in water was added to 
the sample followed by titration with 0.002 N sodium thiosulfate solution on an auto 
titrator (Mettler Toledo). 
Results and discussion 
In this work, the method being validated has been adapted from a modified method by 
Nourooz-Zadeh [45]. The FOX-II reagent is a mixture of sulfuric acid, ammonium 
ferrous sulfate and xylenol orange. In the modified Nourooz-Zadeh reaction, this reagent 
is combined with either the sample extracted in isopropanol or the hydrogen peroxide 
standards prepared in isopropanol for calibration, mixed, left for a set time and the 
absorbance collected. Isopropanol is known to form peroxides [280] making it a less 
preferred solution when determining peroxide formation within samples. Methanol has 
been used as an alternative to isopropanol for sample extraction and calibration standard 
preparation.  
As methanol has been used as an alternative to isopropanol, methanol was compared to 
isopropanol as it would be beneficial to use the one reagent throughout analysis that does 
not have the potential to increase signal. The results are shown in Figure 6.1. Both 
solvents provided a precise calibration with R2 values above 0.999. The calibration 
achieved for isopropanol had a larger background signal, most likely due to low levels of 
peroxides forming in the isopropanol. From this, methanol was chosen to use for sample 
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preparation as it is already used in the method for xylenol orange reagent preparation, and 
can be used to extract hydroperoxides due to its relatively high polarity [49].  
Figure 6.1: Hydrogen peroxide standard calibration prepared in isopropanol (blue) and 
methanol (orange) for the FOX-II assay.  
Linearity of calibration 
The linearity of calibration shows that the relationship between the instrument response 
and analyte concentration is directly proportional. When looking at method validation, 
this should be completed with at least 6 standards including the blank in duplicate [279].  
A calibration using hydrogen peroxide standards prepared in methanol was completed, 
each standard was analysed seven times with the FOX-II assay. Six hydrogen peroxide 
standards were prepared for this calibration, with concentrations between 0 and 
17.06 µg/ml. Table 6.1 shows the average, standard deviation and relative standard 
deviation (RSD) percentage calculated from the FOX-II assay absorbance. The seven 
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replicates provide a better statistical basis for the measured result and is recommended as 
a minimum requirement by NATA [279]. The low standard deviations and RSD 
percentage demonstrate the method has good repeatability and reproducibility. The 
repeatability refers to seven replicates for each hydrogen peroxide standard analysed on 
the same day whereas reproducibility data involves testing the hydrogen peroxide 
standards on seven different days. 
Table 6.1: Repeatability (7 sample repeats on the same day) and reproducibility (7 
samples repeats completed on different days) for 6 calibration standards, 0 – 17.06 µg/ml 
using the FOX-II assay. 
Repeatability Reproducibility 
Conc. 
(µg/
ml) 
Average 
absorbance 
(560 nm) 
St.dev. 
RSD 
(%) 
Average 
absorbance 
(560 nm) 
St.dev. 
RSD 
(%) 
0.00 0.1697 0.0024 1.42 0.1663 0.0067 4.05 
0.18 0.1740 0.0018 1.01 0.1692 0.0073 4.34 
0.36 0.1804 0.0016 0.91 0.1757 0.0075 4.26 
2.84 0.2709 0.0026 0.98 0.2649 0.0096 3.64 
5.69 0.3704 0.0043 1.16 0.3564 0.0178 4.99 
17.06 0.7348 0.0097 1.31 0.7224 0.0201 2.78 
 
The average absorbance for the six hydrogen peroxide standards in Table 6.1 is shown as 
a calibration in Figure 6.2 (a).  The R2 value of 0.9993 shows that linearity is achieved 
and all calibration standards fall within the linear range.  
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Figure 6.2: (a) Calibration of H2O2 standards, following the FOX-II assay, where the 
blue line represents the linear range for 0 – 28 µg/ml and the red line represents the linear 
range for 0 – 17.06 µg/ml. Error bars represent one standard deviation from 7 replicates. 
(b) Absorbance spectra of the different standards from Table 6.1. 
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Including standard concentrations 22 µg/ml and 28 µg/ml of hydrogen peroxide in the 
calibration lead to curving off as shown by the blue line and lower R2 value in Figure 
6.2 (a). The R2 value is closer to one when the linear range is collected for 0 to 
17.06 µg/ml compared to going up to 28 µg/ml.  The industry standard AOCS PV gives 
results in meq/kg of fat. Using the calibration equation, 17.06 µg/ml is  equivalent to 
5.02 meq/kg of sample which is then converted to meq/kg of fat. Often samples in pet 
food production contain 10 % fat, and so, using this value would result in a PV of 
50.2 meq/kg of fat. For the official AOCS PV, results above 20 meq/kg of fat are regarded 
as ‘off’ [281]. And as meal and kibble samples commonly have a fat percentage of 
approximately 10 %, samples do not need to be analysed above the linear range limit of 
17.06 µg/ml. Figure 6.2 (b) shows the UV-vis absorbance spectra of the standards and 
demonstrates the increase in absorbance at 560 nm when increasing the hydrogen 
peroxide concentration for the FOX-II assay. 
Selectivity 
Selectivity refers to the method’s ability to avoid interferences by distinguishing the 
analyte from other components within the sample [67]. The antioxidants, ascorbic acid 
and BHT, have been suggested to interfere with the FOX-II assay by increasing 
background signal and reducing colour respectively [271, 282]. Antioxidants commonly 
added to pet food include butylated hydroxyanisole (BHA), BHT, ethoxyquin (EQ) and 
tocopherols [9]. Antioxidants BHA, EQ and alpha-tocopherol, delta-tocopherol will be 
tested as potential interferences. BHT will be investigated as an interferent later as it is 
already present in the FOX-II assay.  
A meat meal sample was treated with 1000 ppm of BHA, EQ, alpha-tocopherol or delta-
tocopherol prior to sample extraction. The antioxidant treated meat meal samples were 
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extracted and spiked with either a blank solution or a hydrogen peroxide solution at 0.37 
or 3.0 µg/ml. The FOX-II assay results for these samples are shown in Figure 6.3. Each 
antioxidant treated sample at the three points tested (0, 0.37 and 3.0 µg/ml) was within 
5 %  of the control results.  
 
Figure 6.3: Meat meal sample with and without 1000 ppm antioxidant treatments (BHA, 
EQ, alpha-tocopherol or delta-tocopherol), spiked with a hydrogen peroxide standard at 
0, 0.37 or 3.00 µg/ml and tested with the FOX-II assay, error bars represent ±5 % of the 
control values. 
The confidence interval at 95 % was also calculated to further demonstrate the 
significance of having antioxidants within the sample. Results are shown in Table 6.2.  
This data suggests BHA, EQ, alpha-tocopherol and delta-tocopherol will not interfere 
with the FOX-II assay determination as the control values fall within the estimated 
intervals for the antioxidants tested. 
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Table 6.2: Confidence intervals for absorbance at 560 nm of meat meal sample with and 
without 1000 ppm antioxidant treatments (BHA, EQ, alpha-tocopherol or delta-
tocopherol), spiked with a hydrogen peroxide standard at 0, 0.37 or 3.00 µg/ml and tested 
with the FOX-II assay. 
H2O2 concentration 
(µg/ml) 0.00 0.37 3.00 
No antioxidant 
treatment 
0.13 0.14 0.22 
95 % confidence level 
Lower 
bound 
Upper 
bound 
Lower 
bound 
Upper 
bound 
Lower 
bound 
Upper 
bound 
BHA 0.12 0.13 0.14 0.14 0.21 0.23 
Ethoxyquin 0.13 0.14 0.14 0.15 0.21 0.22 
Alpha-tocopherol 0.12 0.13 0.14 0.14 0.22 0.24 
Delta-tocopherol 0.12 0.13 0.14 0.14 0.22 0.23 
 
The involvement of BHT during the FOX-II assay was investigated in a different way to 
the other antioxidants as BHT is also included in the FOX-II reagent. How BHT effects 
the results was tested by running a calibration where the standards were prepared in 
methanol with and without BHT. The calibration was also completed without any BHT 
present. The experiments are referred to as follows: 
A Methanol with 4.4 mM BHT, used at all times 
B Methanol with 4.4 mM BHT, used for everything except calibration standards 
C Methanol without BHT 
Figure 6.4 shows the calibration results for experiments A, B and C. From this, a greater 
BHT concentration results in a lower absorbance. BHT addition has been shown to reduce 
the colour produced from the FOX-II reagent [283]. The calibration where BHT is 
completely removed is steeper making it more sensitive to change. However, BHT is 
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added to avoid artefact formation for the xylenol orange reagent [48], which may be the 
reason for the increased absorbance. Therefor the BHT will be left in the xylenol orange 
reagent for this research. 
Figure 6.4: Hydrogen peroxide standard calibrations following modification to the 
FOX-II assay, where A - methanol with 4 mM BHT used throughout, B - methanol with 
4 mM BHT used for everything except calibration standards and C - methanol not 
containing BHT. 
For experiments A and B, the final BHT concentrations are 4.0 mM and 3.9 mM 
respectively. The results in Table 6.3 show the percentage differences when comparing 
the calibration standards for experiments A and B.  The maximum difference obtained 
between the two is 1.05 % from a 0.1 mM change in BHT concentration.  
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Table 6.3: Absorbance at 560 nm and percentage differences between the FOX-II assay 
completed with (method A) and without BHT (method B) in the H2O2 standards. 
H2O2 conc. 
(µg/ml) 
Percentage 
difference (%) 
0 1.01 
0.19 1.03 
0.38 1.02 
3.02 1.02 
6.03 1.03 
18.1 1.05 
 
Often pet food samples being analysed within a laboratory contain 1000 ppm or less of 
mixed antioxidant treatment. As pet food can be treated with BHT it is important to 
consider the change additional BHT within a sample may have when tested with the 
FOX-II assay. Based on 0.1 mM (22 ppm) BHT resulting in a 1 % change, a 1000 ppm 
sample would result in a 4.5 % difference after accounting for sample preparation and 
dilution factors. This suggests that while BHT, which can be found in pet food, does 
affect the FOX-II assay result, the change would be negligible. The FOX-II assay 
procedure was prepared from here onwards using method B where methanol with 4.4 mM 
BHT was used for everything except calibration standards and sample extraction to keep 
results consistent. Samples were initially extracted in methanol containing BHT. From 
here onwards sample extraction was completed with untreated methanol because the 
calibration standards being prepared no longer include methanol treated with BHT and 
the sample and standard preparation should be kept consistent, and methanol alone is able 
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to extract lipids [51]. BHT could be left in both the sample and calibration standards 
however while the differences from use of BHT are small, it does reduce the colour so 
will be avoided where possible. 
Reaction time 
It has been suggested that BHT can affect the reaction time, resulting in a delay in 
reaching a steady state [5]. Therefore, the absorbance of a meat meal sample at 560 nm 
was monitored over time, after preparation with and without BHT, to determine if the 
reaction was complete after 5 minutes and a steady state had been reached. Figure 6.5 
shows both reactions to follow a similar time course, with both reactions reaching a steady 
state at approximately 9 minutes. This indicates that BHT does not delay the reaction time 
as previously suggested. The results show that the current 5 minute wait time is not 
sufficient for the reaction to reach completion, and instead 10 minutes or longer should 
be adopted to ensure a steady state is reached and the method is more robust. If the 
absorbance is measured before a steady state is reached, small variations in timing may 
have a significant effect on the results. The reaction over time for the xylenol orange 
blank is also shown in Figure 6.5, this has reached steady state at least 7 minutes before 
the sample. This means the sample value produced will be lower after 5 minutes 
compared to 10 minutes. 
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Figure 6.5: Absorbance at 560 nm over time for a meat meal sample (purple and blue) 
and the standard blank (red) using method A (BHT) and method C (no BHT). 
Comparing the calibration data after waiting 5 and 10 minutes shows the longer wait time 
produces a steeper trend line as shown in Figure 6.6. Waiting 10 minutes before scanning 
the combined sample and reagents is therefore more sensitive to detecting changes in 
concentration. Precise trend lines were observed for both wait times based on R2 values 
of 0.9998 compared to 0.9990 from the same calibration standards at the two different 
times.  
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Figure 6.6: Trend lines achieved using a 5 minutes FOX-II assay reaction time (orange) 
compared to 10 minutes (blue). 
LOD & LOQ 
The LOD was calculated from the average of seven replicates of the blank plus three 
times the standard deviation of the blank mean value [185]. The LOQ was calculated 
using the same blank data instead with 10 times the standard deviation. The data in Table 
6.4 shows a low standard deviation of 0.004 and RSD percentage of 2.4 % indicating 
good precision. The LOD was found to be 0.31 µg/ml after waiting 10 minutes to 
complete the FOX-II assay reaction and the LOQ calculated at 1.29 µg/ml. Producing 
these results for an extracted pet food sample would convert to an LOD of 0.09 meq/kg 
of sample and LOQ 0.38 meq/kg of sample or LOD of 0.9 meq/kg of fat and LOQ of 
3.8 meq/kg of fat if the sample is at 10 % fat. The LOQ is higher than preferred for 
detecting the peroxide value however this method is still advantageous due to the reduced 
sample volume and time required to complete. 
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Table 6.4: LOD and LOQ calculated from 7 replicates of the blank after a 10 minute wait 
for the FOX-II assay reaction. The mean, standard deviation and RSD % was also 
calculated. 
 Blank abs. (560 nm) 
Average 0.177 
Standard Deviation 0.004 
LOD 0.189 (0.31 µg/ml) 
LOQ 0.219 (1.29 µg/ml) 
RSD (%) 2.4 
 
Repeatability  
Accuracy looks at the how close a result is to its true value and includes precision which 
involves calculating the method’s repeatability and reproducibility [279]. Testing the 
repeatability of a method involves independently preparing and analysing a sample 7 
times on the same day. Completing this on various sample types after analysis with the 
FOX-II assay resulted in low RSD percentage of 1.0 for meat meal, 1.0 for kibble and 1.2 
for oil (Table 6.5). The smaller this value, the closer the data is around the mean with 
10 % or below often accepted by chemists [67, 284].  
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Table 6.5: Average repeatability and reproducibility data calculated using 7 replicates of 
each sample types absorbance (560 nm) after a 10 minute wait for the FOX-II assay 
reaction. The standard deviation and RSD % was also calculated. 
Repeatability  Reproducibility  
 Meal Kibble Oil Meal Kibble Oil 
Average 
abs. 
 (560 nm) 
0.163 0.171 0.202 0.158 0.168 0.206 
St. Dev. 0.002 0.002 0.003 0.006 0.013 0.007 
RSD (%) 1.0 1.0 1.2 3.8 7.8 3.5 
 
Reproducibility 
Testing for reproducibility involved preparing and analysing the same sample over 7 
different days. This was completed on a meal, kibble and oil sample which is also shown 
in Table 6.5. The RSD percentages achieved for meat meal at 3.8, kibble at 7.8 and oil at 
3.5 were reasonable based on being below 10 % [67, 284].. The results indicate the 
preparation method is acceptable for day to day analysis of the various sample types. 
Sample degradation can lead to reduced precision. However, this did not occur for this 
set of results as determined by testing the PV with the industry standard AOCS PV 
method before and after the 7 days of analysis.   
Sensitivity 
Sensitivity refers to the rate of change of the measured response with the change of the 
concentration of the analyte [279]. This can be determined by spiking a sample. For this 
set of experiments, the sample matrices tested included meat meal, kibble and oil. All 
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samples were spiked with known concentrations of hydrogen peroxide solution. The 
various concentrations ranged from 0 – 17 µg/ml. The FOX-II assay was completed on 
each spiked sample in replicates of 7 and the percentage recoveries were calculated based 
on the change in the measured concentration of the sample with and without known 
amounts of hydrogen peroxide.  
The results are shown in Table 6.6. Most RSD percentages calculated for all sample types 
at the differing concentrations were below 5 %. The kibble sample when spiked with the 
2.78 µg/ml hydrogen peroxide standard and oil sample spiked at 8.35 µg/ml produced 
higher RSD percentages of 9.7 and 13.2 % respectively. The percentage recoveries 
produced for all sample matrices were close to 100 % from the 0.7 µg/ml standard and 
above. None of the samples could determine percentage recoveries when spiked with the 
lowest standard of hydrogen peroxide, 0.17 µg/ml, demonstrating the methods inability 
to detect at this low level. The oil sample also did not produce a recovery value when 
spiked with 0.35 µg/ml of hydrogen peroxide solution. At this concentration the kibble 
sample only recovered 57 % whereas the meat meal sample was close to 100 %. As the 
percentage recoveries for the kibble and oil sample are poor from spiking with the two 
lowest hydrogen peroxide standards, it is recommended the method not be used for 
detecting samples at this low level due as it may not be capable of accurately detecting 
the changes. As this was not observed for the meat meal sample it indicates the sample 
matrix of oil and kibble is interfering with the results at low concentration. A hydrogen 
peroxide standard at 0.7 µg/ml converts to 2.1 meq/kg of fat (assuming 10 % fat in 
sample) which is between the LOD and LOQ values calculated earlier. A sample with 
this result would be classified as acceptable however it also demonstrated the method is 
not sensitive for detecting low levels.
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Table 6.6: Spiked samples including meal, oil and kibble to determine the percentage recoveries of the FOX-II assay.  
H2O2 standard conc. (µg/ml) 0 0.17 0.35 0.7 1.39 2.78 5.56 8.35 16.69 
Spiked meal sample 
Spiked sample abs. (560 nm) 0.43 0.43 0.44 0.45 0.48 0.52 0.60 0.68 0.93 
Spiked sample converted 
(µg/ml) 
8.27 8.27 8.61 8.94 9.93 11.25 13.90 16.55 24.83 
St. Dev. 0.007 0.006 0.004 0.003 0.005 0.003 0.010 0.006 0.005 
RSD (%) 3.44 2.84 1.66 1.27 1.90 1.21 3.43 1.70 1.02 
Percentage recovery (%)  0.00 97.77 96.33 119.34 107.12 101.19 99.21 99.21 
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Spiked kibble sample 
Spiked sample abs. (560 nm) 0.42 0.42 0.43 0.44 0.46 0.51 0.56 0.64 0.89 
Spiked sample converted 
(µg/ml) 
7.94 7.94 8.14 8.61 9.33 10.99 12.51 15.29 23.52 
St. Dev. 0.001 0.002 0.003 0.004 0.004 0.025 0.001 0.003 0.008 
RSD (%) 0.59 0.84 1.53 1.98 1.58 9.73 0.34 0.95 1.88 
Percentage recovery (%)  0.00 57.14 95.71 100.00 109.71 82.19 88.02 93.35 
Spiked oil sample 
Spiked sample abs. (560 nm) 0.53 0.53 0.53 0.55 0.58 0.63 0.72 0.79 1.05 
Spiked sample converted 
(µg/ml) 
11.59 11.59 11.59 12.25 13.24 14.9 17.88 20.2 28.8 
St. Dev. 0.005 0.004 0.002 0.003 0.007 0.004 0.006 0.052 0.009 
RSD (%) 1.72 1.53 0.92 1.06 2.51 1.15 1.63 13.21 1.73 
Percentage recovery (%)  0.00 0.00 94.29 118.71 119.06 113.13 103.11 103.12 
236 
 
Ruggedness 
A measure of robustness, ruggedness is the degree to which a method’s results do not 
change when the method conditions are slightly altered [279]. This was investigated by 
changing conditions in the current method to determine what effect this has on the results. 
Different parameters looked at included the reaction time, reagent temperatures, time 
between sample extraction and starting FOX-II assay and the extraction method.  
Reagent temperature  
The methanol and xylenol orange reagents are currently stored below 5 °C so the solutions 
are stable for a longer time. When required for testing they are removed from the fridge 
and left to reach room temperature before being used for the FOX-II assay. The laboratory 
temperature is controlled at 21 °C. Two temperatures either side of this were tested to 
determine if any changes to the results may occur when the reagents are not at the required 
temperature. The percentage differences when using the reagent at 10 and 30 °C instead 
of room temperature (RT) were 1.1 and 3.8 % respectively (Table 6.7). The values are 
within 5 % of the result achieved at room temperature, suggesting variations in 
temperature will not have a significant effect on the results of the assay. 
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Table 6.7: Percentage difference for a meat meal sample tested with reaction reagents at 
temperatures 10, 20 and 30 °C. Data calculated using 3 replicates after a 10 minute wait 
for the FOX-II assay reaction. The average, standard deviation and RSD % were also 
calculated using the absorbance at 560 nm. 
 10 °C 20 °C 30 °C 
Average abs. 
(560 nm) 
0.115 0.117 0.124 
St. Dev. 0.003 0.002 0.007 
RSD (%) 2.6 1.5 5.9 
Percentage 
difference 
1.1 0.0 -3.8 
 
Time between sample extraction and FOX-II assay  
Investigating the time taken from centrifuging the sample to then combining it with the 
xylenol orange and methanol reagents for the FOX-II assay is another important factor to 
consider. This determines how quickly samples should be analysed after preparation. A 
meat meal sample was tested in replicates of seven at 0, 30, 60, 90 and 120 minutes. The 
percentage difference between testing the sample immediately compared to the various 
wait times is shown in Table 6.8. The greatest change was observed when analysing the 
sample 30 minutes after extraction, which resulted in a 9.7 % increase in response 
compared to immediate analysis of the sample. Analysis after waiting 60, 90 and 
120 minutes produced results closer to the results of immediate sample analysis, with 
percentage difference below 5 %. The data indicates samples should be analysed 
immediately after extraction to reduce potential variations.  
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Table 6.8: Percentage differences from immediate analysis after sample extraction 
compared to leaving the extracted sample for 30, 60, 90 and 120 minutes, before testing 
using the FOX-II assay. Seven replicates were performed for each condition. 
Wait time (min) 0 30 60 90 120 
Difference (%) 0.00 9.70 2.87 1.13 4.53 
 
Extraction method 
The current extraction process involves combining 1 g of sample with 10 ml of methanol 
as the extraction solution, vortexing for 1 minute, rocking the sample for 5 minutes and 
centrifuging at 1790 rpm for 5 minutes before collecting the clear layer for the FOX-II 
assay. Slight modifications to the original extraction technique were investigated to 
determine if this is the best way to prepare the sample, and if an alternative extraction 
method were used what affects it may have. These changes were tested using a meat meal 
sample and included removing the vortex or rocker step, adding an additional vortex and 
removing any mixing. From the results shown in Figure 6.7, no vortexing gave the 
greatest signal with recovery increased by 4.7 % when compared to the original 
procedure. This increase is not statistically different based on the standard deviation error 
shown in Figure 6.7. Removing the rocker step has a greater effect on the outcome 
compared to removing the vortex step. Rocking is a slower mixing process compared to 
the vortex which involves rapid mixing. The rocker is used for a longer time than the 
vortexing which may be a reason for this difference. Doubling the vortex time did not 
increase the overall sample value. As expected the sample that did not undergo vortexing 
or rocking resulted in the lowest signal.  From these findings, the sample extraction 
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procedure can be reduced to rocking the sample for 5 minutes prior to centrifugation 
which was completed for the remainder of this research. 
 
Figure 6.7: Effect of changes to extraction technique on signal intensity of meat meal 
sample prior to being analysed by the FOX-II assay. Error bars represent the standard 
deviation of 7 replicates. 
Other considerations - Xylenol orange and methanol at RT 
Another factor investigated was whether the xylenol orange and methanol reagents could 
be stored at room temperature without refrigeration. This would reduce the time taken 
waiting for the reagents to reach room temperature for analysis which is approximately 
one hour. Figure 6.8 shows after 3 days an increase is observed for both the sample and 
blank value when analysed using the FOX-II assay. The industry standard AOCS PV 
method was also completed on the sample to ensure its peroxide value was not changing 
over time. This value did not alter during the experiment. Blank correcting the sample 
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leads to a smaller increase over the time. This change in the blank demonstrates potential 
reagent degradation when kept at ambient temperature. Degradation can result in reduced 
sensitivity for the reaction therefore it would be preferable to keep sample refrigerated to 
avoid this problem.  
 
Figure 6.8: Change in calculated concentration using the FOX-II assay when storing the 
methanol and xylenol orange at room temperature, tested using meat meal sample. 
Standard stability 
Currently the hydrogen peroxide standard is prepared on the day a calibration is to be 
completed. New calibrations are completed when either a new bottle of methanol is 
required or when the xylenol orange reagent is prepared. This can occur when the reagents 
reach their expiry time or when all the reagents have been depleted. In an industry setting, 
the methanol is frequently used up after one month from preparation, due to bulk sample 
analysis. An investigation into whether the hydrogen peroxide standards can be 
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refrigerated and stored for reuse on another day was undertaken over a 21 day period. 
Reusing the hydrogen peroxide standard would be beneficial as it would reduce 
preparation time and solvent waste. There is evidence from previous work that a change 
in methanol batch can shift the FOX-II assay absorbance [49].  
Investigating the change in the calibration standards over time, showed a maximum 
change of 9.6 % after 21 days (Figure 6.9). The blank absorbance had decreased by 
2.71 % over this time suggesting some of the reduction observed was not only due to the 
hydrogen peroxide standards degrading, but was also due to the reagent degrading over 
time.  
Figure 6.9: Stability of hydrogen peroxide standards over time 21 days tested using the 
FOX-II assay. 
Results with and without blank correction are shown in Table 6.9. This shows a maximum 
percentage difference of 7.08 % after the 21 days. The largest percentage difference was 
observed from the 5.69 µg/ml standard. It is unknown why this standard showed a greater 
change compared to the other standards as all analyses were completed in replicates of 
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seven at the same time. The 5 standards were prepared from a stock solution at day 0 and 
stored for retesting. From the data it was determined that the hydrogen peroxide standards 
should be prepared fresh on the day of calibration to reduce possible variation and 
degradation as the FOX-II assay has already been shown to have poor day to day 
reproducibility.  
Table 6.9: Hydrogen peroxide standard degradation after 21 days with and without blank 
correction. The percentage difference is calculated from an average of seven replicates of 
the absorbance from results at day 0 compared with results after 21 days. 
H2O2 (µg/ml) % diff. % diff. (blank corrected) 
0.00 2.71 0.00 
0.18 5.35 2.72 
0.36 4.89 2.24 
2.84 5.66 3.03 
5.69 9.60 7.08 
17.06 4.79 2.14 
 
Another way to demonstrate the change in reagent over time is by monitoring the blank 
data used to correct the sample data. Therefore, the blank values were looked at more 
closely by plotting the absorbance at 560 nm over four months from when a new xylenol 
orange reagent was prepared and the same methanol batch used. This is shown in 
Figure 6.10. Variation in the blank response can be clearly observed from this Figure. By 
subtracting the blank to correct a sample, day to day changes in response from the 
instrument or reagent can be accounted for in the sample results.  
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Figure 6.10: Change in the standard blank response over time for the FOX-II assay, using 
the same xylenol orange reagent and methanol batch. 
Method comparison 
Comparison of the industry standard AOCS PV method with the FOX-II assay PV was 
conducted to determine if the FOX-II assay could be used as an alternative to the industry 
standard AOCS PV method. This is desirable because the AOCS PV method is time 
consuming, taking up to 20 minutes per sample with extraction and uses a large sample 
quantity of 60 g compared to the FOX-II method. 
Sample data between the industry standard AOCS PV method and four variations of the 
FOX-II assay PV showed correlation could be achieved, with all R2 values above 0.89. 
The original sample testing (method A) included BHT in methanol for preparing the 
calibrations standards and 5 minute wait time for the FOX-II assay. The variations from 
this included removing BHT from the methanol for the calibration standards and sample 
tested after a 5 minute wait (method B), and waiting 10 minutes for the reaction to occur. 
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From the data (Table 6.10), using the FOX-II assay without BHT in the calibration 
standards and samples (method B) reduced the percentage difference between the 
industry standard AOCS PV method and FOX-II assay by 15 %. Waiting 10 minutes 
improved the percentage difference between the industry standard AOCS PV method and 
FOX-II assay PV results by a further 9 % compared with a 5 minute wait time. This 
further agrees with previous data in this chapter suggesting the additional wait time would 
prove beneficial to the result.  
Table 6.10: Comparison between the FOX-II assay PVs achieved with the original 
method A, using BHT, and a slightly modified approach, method B, with no BHT in the 
standard and sample extraction solvents, against the industry standard AOCS PV using 
meal, kibble and oil samples. Percentage difference is calculated using duplicate results. 
FOX-II assay A (5 mins) B (5 mins) A (10 mins) B (10 mins) 
% difference 51.25 30.49 42.07 27.37 
 
Based on the findings, samples analysed using method B with a 10 minute reaction time 
allows for a closer comparison to the industry standard AOCS PV method. However, the 
percentage difference of 27.37 % in Table 6.10, shows the absolute values are still quite 
different. The R2 value of 0.9552 in Figure 6.11 (b) shows a good relative response 
between the FOX-II assay and AOCS PV. A closer view of the acceptable values 
(0 – 20 meq/kg) is also shown in Figure 6.11 (c) for method B of the FOX-II assay after 
waiting 10 minutes. This was also the case when removing values above 10 meq/kg of 
fat, Figure 6.11 (d), which could potentially skew results. From this, it is shown that a 
slightly higher FOX-II PV is produced compared to the industry standard AOCS PV. The 
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FOX-II method was shown earlier to be poor at detecting low level lipid oxidation. Also, 
the pet food ingredients tested are supplied by the manufacturers with a fat percentage 
which may not be accurately determined. This would affect the converted result, therefore 
additional steps ensuring accurate fat percentage analysis of the samples could be 
included with this method. However, as all methods showed very good correlation with 
industry standard AOCS PVs then a correction factor could be applied by using the slope 
of the trend line. 
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Figure 6.11: Industry standard AOCS PV versus FOX-II assay PV for various samples, 
including meal, kibble and oil samples, tested as per the original method (method A 
shown in blue) and altered method (method B shown in red) after (a) 5 minutes reaction 
time and (b) 10 minutes reaction time. (c) Method B after 10 minutes in the range of 0 to 
20 meq/kg of fat for the PV, and (d) after removing values outside 10 meq/kg of fat for 
the PV. 
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By calculating a correction factor using the slope of the trendline and adjusting the values 
accordingly, the average difference in the samples is 1.26 %, allowing the conversion of 
results from the FOX-II method to the corresponding AOCS PV. Figure 6.12 shows the 
change after correcting the results as discussed. The trendline from this correction shows 
the industry standard AOCS PV and FOX-II PV at 1:1. 
  
Figure 6.12: Industry standard AOCS PV versus FOX-II assay PV after applying a 
correction factor using the slope of the trend line of the AOCS PV versus the FOX-II 
method B (red line). 
Table 6.11 contains the peroxide value results, of various pet food sample types, using 
the industry standard AOCS PV method, FOX-II PV method B after 10 minutes and then 
after adjusting these FOX-II PVs using the correction factor applied by the slope of the 
trend line as discussed. Majority of PV results are below 10 meq/kg of fat for both 
approaches. Sample 5, 21 and 22 were the only samples further from the industry standard 
AOCS PV after correction. The samples with values above 20 meq/kg would be regarded 
as rancid using either of the two approaches. Overall values compared well from the 
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correction demonstrating the ability to use this FOX-II assay developed in this work for 
conducting a peroxide check on pet food samples, although further testing and validation 
is required to determine if the correction factor remains accurate over time and for a range 
of samples. While this doesn’t allow for an improvement to detection at lower levels it 
can assist in initial testing of the samples peroxide value to determine if further testing is 
required for oxidative by-products formed as the sample becomes more rancid. By using 
the FOX-II assay instead of the industry standard AOCS PV, the required sample volume 
and analysis time can be reduced. 
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Table 6.11: Industry standard AOCS PV, FOX-II assay PV from method B after 
10 minutes, and corrected FOX-II PV. Correction was made using the slope of the trend 
line of the AOCS PV versus the FOX-II method B after 10 minutes. 
Sample AOCS PV (meq/kg) FOX-II PV (meq/kg) 
FOX-II PV (meq/kg) 
adjusted 
1 1.55 0.42 2.02 
2 1.87 0.74 2.43 
3 3.14 1.89 3.89 
4 3.77 0.51 2.14 
5 3.84 3.98 6.55 
6 4.03 2.42 4.57 
7 4.14 1.19 3.01 
8 4.36 1.81 3.79 
9 4.46 3.17 5.52 
10 4.47 2.89 5.16 
11 4.47 2.46 4.62 
12 4.82 3.54 6.00 
13 4.84 2.75 4.99 
14 5.52 2.00 4.03 
15 5.80 3.31 5.70 
16 5.82 3.26 5.64 
17 5.88 1.42 3.29 
18 7.04 3.79 6.32 
19 7.30 1.59 3.51 
20 9.03 3.49 5.93 
21 13.70 12.44 17.33 
22 22.07 21.40 28.74 
23 40.01 27.29 36.24 
24 41.02 31.46 41.55 
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Conclusion 
When investigating this FOX-II assay for validation, it was found that this method 
correlates well with the industry standard AOCS PV method commonly employed in 
industry for samples undergoing lipid oxidation. To achieve this, modifications were 
required from the original FOX-II assay being followed. This included the removal of 
BHT from the standards and from the extraction solvent, and a change to the wait time of 
the FOX-II assay reaction. While removal of BHT within the hydrogen peroxide 
standards for calibration only lead to a 1 % difference in absorbance from the original 
procedure, the change observed when comparing this with the industry standard 
AOCS PV method was more noticeable and highlighted its importance. Data also 
demonstrated BHT reduced the colour of the reaction. The data did not show addition of 
BHT delaying the time taken for the reaction to reach steady state as mentioned. The 
change from 5 minutes to 10 minutes for the FOX-II assay reaction allows for the reaction 
to reach steady state regardless of BHT being present. By waiting this extra 5 minutes the 
method is proven to be more rugged and sensitive. Other important considerations include 
ensuring a new calibration is prepared for new reagents, reagents should be kept 
refrigerated to reduce degradation and all samples are blank corrected to reduce the effect 
of day to day variations. The LOD and LOQ achieved for this method agreed with the 
percentage recovery results when spiking meal, kibble and oil samples. From this 
information the FOX-II assay can be adopted as an alternative check for the peroxide 
value to the industry standard AOCS PV but it is recommended that this approach is used 
as an initial check and further tests be conducted if the sample is too low. 
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CHAPTER SEVEN: FUTURE WORK 
 
CHAPTER TWO: IMPROVING BIOGENIC AMINE DERIVATISATION FOR 
AUTOMATED DETECTION IN PET FOOD  
The OPA derivatisation method was unable to detect spermine and produces a larger 
number of unwanted peaks. Double derivatisation, using OPA along with another 
derivatising reagent like FMOC, or post-column chemiluminescence, to improve 
sensitivity, may allow for additional peaks of interest to be detected. Further sample 
clean-up which increases sample preparation time can be investigated to avoid potential 
interferences. Alternative mobile phases may also be considered as currently buffer is 
used which requires greater maintenance of the equipment to stop potential blockages and 
reduced column lifetime. This change may also help in the peak shifting observed from 
this separation over time stopping the need for a column cleaning method. 
Both methods were developed using meat meal samples, further method development 
using digest and kibble samples may allow for improvements when comparing OPA and 
Dns-Cl methods on these samples types. 
Both the OPA and Dns-Cl derivatisation method developed should be compared in an 
inter-lab analysis to determine the accuracy of the calculated concentrations, especially 
where there has been sample disparity between the two methods. Storage studies can then 
be performed on a number of pet food samples to track the development of biogenic 
amines. 
253 
 
CHAPTER THREE: DETERMINING ANTIOXIDANT ACTIVITY OF NATURAL FATTY 
ACID ASCOBYL ESTERS 
Further work into the mechanism of action of the products under investigation is required 
to further understand their antioxidant ability. The concentrations added into fish oil 
samples is another consideration, as in the past antioxidants have shown to act as 
pro-oxidants once a certain concentration is reached. Also sample treatment is commonly 
done using a mixture of antioxidants rather than relying on the one antioxidant to keep a 
product stable. It may be beneficial to combine these naturally synthesised products to 
improve stability for fish oils. Addition with tocopherols should also be considered to 
produce a natural antioxidant treatment that is able to keep fish oil from degradation. 
A HPLC method should be developed that is able to detect these synthesised products 
within oil, meal and kibble samples so that a storage study following their concentration 
changes within samples can be achieved. This can be completed using post-column 
chemiluminescence or DPPH knowing they react with the ascorbyl ester fatty acids which 
would allow for a selective approach. 
 
CHAPTER FOUR: SIMULTANEOUS ANTIOXIDANT DETECTION USING 
MODIFIED POTASSIUM PERMANGANATE CHEMILUMINESCENCE  
This is beneficial where pet food sample contain both natural and synthetic antioxidants. 
A greater number of antioxidants may be screened and LOD determined using this 
chemiluminescence reagent. From this, further improvements may be made to the HPLC 
separation to detect the large number of synthetic and natural antioxidants and ensure 
samples are separated from potential interferences. The extraction method may also be 
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investigated to improve recovery of the antioxidants within a sample. This would also 
improve detection and possibly allow for more antioxidants within the sample to be 
analysed although it may also lead to increased sample preparation time. Furthermore, 
investigating the extraction method through sample spiking would help evaluate the 
matrix effects. 
 
CHAPTER FIVE: DEVELOPING A SIMPLE, EARLY STAGE LIPID OXIDATION 
DETECTION SYSTEM USING ELECTRON PARAMAGNETIC RESONANCE 
SPECTROSCOPY  
The final extraction process used involved rotary evaporation to extract the oil for EPR 
analysis instead of collecting the extracted sample solvent due to the solvent dielectric 
factor and spin trap solubility. A combination of solvents capable of extracting lipids may 
be explored that keeps the dielectric factor low enough for EPR analysis but allows for 
the POBN spin trap to dissolve within the sample.  
The simple intensity change approach cannot be used for complex samples. Sample 
extraction to remove antioxidants interfering with the method would be required. It may 
instead be beneficial at the earliest stage of pet food manufacturing where antioxidant 
treatment has not been added to freshly prepared meat meal. This could only be compared 
to similar samples and may allow for information on where in the initial stage of lipid 
oxidation the sample is at and how much antioxidant treatments may be required to keep 
the product stable until addition into kibble.  It would also be possible to use the IP, like 
the Rancimat, if an improved temperature control was available to gain a greater picture 
of the sample stability when used in conjunction with antioxidant treatment, oxidative 
by-products formed and hydroperoxide determination. Further knowledge of the radicals 
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within the sample when analysed directly on EPR could also be completed to determine 
if any unwanted metals are present within a sample.  
CHAPTER SIX: MODIFYING THE FERROUS OXIDATION-XYLENOL ORANGE 
METHOD FOR PET FOOD ANALYSIS IN AN ACCREDITED LABORATORY 
The method required improvements before being validated. Having done this, the 
remaining requirements for accreditation like inter-lab analysis may be determined. The 
method could also be compared against alternative lipid oxidation determination methods 
apart from the AOCS PV for possible correlation; this can include oxidative by-products 
or the Rancimat IP. 
 
 
  
256 
 
REFERENCES 
1. Pet ownership in Australia. 2016, Animal Medicines Australia. p. 66. 
2. White, B.L., Johnson, B.L., Morgan, R., and Shields, R.G., Chapter 1 - Changes in the 
Food Safety Landscape of Pet Foods in the United States, in Food and Feed Safety 
Systems and Analysis, Ricke, S.C., Atungulu, G.G., Rainwater, C.E., and Park, S.H., 
Editors. 2018, Academic Press. p. 3-23. 
3. Pet ownership in Australia summary. 2013, Animal health alliance Australia: Canberra. 
p. 8. 
4. Cutt, H., Giles-Corti, B., Knuiman, M., and Burke, V., Dog ownership, health and 
physical activity: A critical review of the literature. Health & Place, 2007. 13(1): p. 261-
272. 
5. Wells, D., The Effects of Animals on Human Health and Well-Being. Vol. 65. 2009. 
6. Herzog, H., The Impact of Pets on Human Health and Psychological Well-Being:Fact, 
Fiction, or Hypothesis? Current Directions in Psychological Science, 2011. 20(4): p. 236-
239. 
7. Di Cerbo, A., Morales-Medina, J.C., Palmieri, B., Pezzuto, F., Cocco, R., Flores, G., and 
Iannitti, T., Functional foods in pet nutrition: Focus on dogs and cats. Res Vet Sci, 2017. 
112: p. 161-166. 
8. Carrión, P.A. and Thompson, L.J., Pet Food, in Food Safety Management, Motarjemi, Y. 
and Lelieveld, H., Editors. 2014, Academic Press: San Diego. p. 379-396. 
9. Zicker, S.C., Evaluating Pet Foods: How Confident Are You When You Recommend a 
Commercial Pet Food? Topics in Companion Animal Medicine, 2008. 23(3): p. 121-126. 
10. Hu, M., Chapter 9 - Oxidative Stability and Shelf Life of Low-Moisture Foods, in 
Oxidative Stability and Shelf Life of Foods Containing Oils and Fats. 2016, Elsevier: 
London. p. 313-371. 
11. Kvamme., J.L. and Phillips., T.D., Petfood technology. 1st edition ed. 2003, Watt 
publishing: Mt Morris. p. 576. 
12. AAFCO, Association of American Feed Control Officials 2018. 
13. PFIAA. Pet Food Industry Australia Association Inc. 2018; Available from: 
https://www.pfiaa.com.au/. 
14. Thompson, A., Ingredients: Where Pet Food Starts. Topics in Companion Animal 
Medicine, 2008. 23(3): p. 127-132. 
15. Tran, Q.D., Hendriks, W.H., and van der Poel, A.F.B., Effects of extrusion processing on 
nutrients in dry pet food. Journal of the Science of Food and Agriculture, 2008. 88(9): p. 
1487-1493. 
16. Frame, N.D., The Technology of Extrusion Cooking. 1 ed. 2012, Springer: US. 
17. Officials), A.A.o.A.F.C., 2007 Official publication. 2007. 
18. Yao, L. and Schaich, K.M., Accelerated Solvent Extraction Improves Efficiency of Lipid 
Removal from Dry Pet Food While Limiting Lipid Oxidation. Journal of the American Oil 
Chemists' Society, 2015. 92(1): p. 141-151. 
19. Lenox, C.E. and Bauer, J.E., Potential Adverse Effects of Omega-3 Fatty Acids in Dogs 
and Cats. Journal of Veterinary Internal Medicine, 2013. 27(2): p. 217-226. 
20. O'Haire, M., Companion animals and human health: Benefits, challenges, and the road 
ahead. Journal of Veterinary Behavior: Clinical Applications and Research, 2010. 5(5): 
p. 226-234. 
21. Headey, B. and Grabka, M., Health correlates of pet ownership from national surveys, 
in How animals affect us: Examining the influences of human–animal interaction on 
child development and human health., McCardle, P., McCune, S., Griffin, J.A., and 
Maholmes, V., Editors. 2011, American Psychological Association: Washington DC. p. 
153-162. 
257 
 
22. Wood, L., Martin, K., Christian, H., Houghton, S., Kawachi, I., Vallesi, S., and McCune, 
S., Social capital and pet ownership – A tale of four cities. SSM - Population Health, 
2017. 3: p. 442-447. 
23. Raina, P., Waltner-Toews, D., Bonnett, B., Woodward, C., and Abernathy, T., Influence 
of companion animals on the physical and psychological health of older people: an 
analysis of a one-year longitudinal study. J Am Geriatr Soc, 1999. 47(3): p. 323-9. 
24. Levine, G.N., Allen, K., Braun, L.T., Christian, H.E., Friedmann, E., Taubert, K.A., Thomas, 
S.A., Wells, D.L., and Lange, R.A., Pet ownership and cardiovascular risk: a scientific 
statement from the American Heart Association. Circulation, 2013. 127(23): p. 2353-
63. 
25. Richeson, N.E., Effects of animal-assisted therapy on agitated behaviors and social 
interactions of older adults with dementia. American Journal of Alzheimer's Disease & 
Other Dementiasr, 2003. 18(6): p. 353-358. 
26. Berry, A., Borgi, M., Francia, N., Alleva, E., and Cirulli, F., Use of assistance and therapy 
dogs for children with autism spectrum disorders: a critical review of the current 
evidence. Journal of alternative and complementary medicine, 2013. 19(2): p. 73-80. 
27. Hall, S.S., Wright, H.F., Hames, A., and Mills, D.S., The long-term benefits of dog 
ownership in families with children with autism. Journal of Veterinary Behavior: Clinical 
Applications and Research, 2016. 13: p. 46-54. 
28. Kamioka, H., Okada, S., Tsutani, K., Park, H., Okuizumi, H., Handa, S., Oshio, T., Park, S.-
J., Kitayuguchi, J., Abe, T., Honda, T., and Mutoh, Y., Effectiveness of animal-assisted 
therapy: A systematic review of randomized controlled trials. Complementary 
Therapies in Medicine, 2014. 22(2): p. 371-390. 
29. Giuliani, F. and Jacquemettaz, M., Animal-assisted therapy used for anxiety disorders in 
patients with learning disabilities: An observational study. European Journal of 
Integrative Medicine, 2017. 14: p. 13-19. 
30. Siegel, J.M., Pet Ownership and Health, in The Psychology of the Human-Animal Bond: 
A Resource for Clinicians and Researchers, Blazina, C., Boyraz, G., and Shen-Miller, D., 
Editors. 2011, Springer New York: New York. p. 167-177. 
31. Lawrence, G.D., The Fats of Life : Essential Fatty Acids in Health and Disease. 2010, 
Rutgers University Press: New Brunswick. 
32. Das, U.N., Essential fatty acids: biochemistry, physiology and pathology. Biotechnology 
Journal, 2006. 1(4): p. 420-439. 
33. Burr, G.O. and Burr, M.M., A new deficiency disease produced by the rigid exclusion of 
fat from the diet. Journal of Biological Chemistry, 1929. 82(2): p. 345-367. 
34. Afaf, K.-E. and Jan, P., Lipid Oxidation Products and Methods Used for Their Analysis, in 
Analysis of Lipid Oxidation. 2005, AOCS Publishing. 
35. Schaich, K.M., Shahidi, F., Zhong, Y., and Eskin, N.A.M., Chapter 11 - Lipid Oxidation, in 
Biochemistry of Foods, Eskin, N.A.M. and Shahidi, F., Editors. 2013, Academic Press: 
San Diego. p. 419-478. 
36. Labuza, T.P. and Dugan, L.R., Kinetics of lipid oxidation in foods. C R C Critical Reviews 
in Food Technology, 1971. 2(3): p. 355-405. 
37. O'Connor, T.P. and N.M, O.B., Lipid oxidation, in Advanced Dairy Chemistry Volume 2: 
Lipids. 2007, Springer US: US. p. 801. 
38. Rawls, H.R. and Van Santen, P.J., A possible role for singlet oxygen in the initiation of 
fatty acid autoxidation. Journal of the American Oil Chemists Society, 1970. 47(4): p. 
121-125. 
39. Fox, P.F. and McSweeney, P.L.H., Advanced Dairy Chemistry Volume 2: Lipids. 2007, 
Springer: US. 
40. Akoh, C.C. and Min, D.B., Food lipids : Chemistry, Nutrition, and Biotechnology. 2 ed. 
Food science and technology: 117. 2002, Marcel Dekker: New York. 
258 
 
41. Wheatley, R.A., Some recent trends in the analytical chemistry of lipid peroxidation. 
Trends in Analytical Chemistry, 2000. 19(10): p. 617-628. 
42. Shahidi, F. and Zhong, Y., Lipid Oxidation: Measurement Methods, in Bailey's Industrial 
Oil and Fat Products. 2005, John Wiley & Sons. 
43. AOCS, Peroxide Value Acetic Acid-isooctane Method. Sampling and analysis of 
commercial fats and oils, 2011. AOCS Official Method Cd 8b-90. 
44. Kong, F. and Singh, R.P., Advances in instrumental methods to determine food quality 
deterioration, in Food and Beverage Stability and Shelf Life. 2011, Woodhead 
Publishing: Cambridge. p. 381-404. 
45. Nourooz-Zadeh, J., Tajaddini-Sarmadi, J., and Wolff, S.P., Measurement of 
Hydroperoxides in Edible Oils Using the Ferrous Oxidation in Xylenol Orange Assay. 
Journal of Agricultural and Food Chemistry, 1995. 43(1): p. 17-21. 
46. Wai, W.T., Saad, B., and Lim, B.P., Determination of TOTOX value in palm oleins using a 
FI-potentiometric analyzer. Food Chemistry, 2009. 113(1): p. 285-290. 
47. Gay, C., Collins, J., and Gebicki, J.M., Hydroperoxide Assay with the Ferric–Xylenol 
Orange Complex. Analytical Biochemistry, 1999. 273(2): p. 149-155. 
48. Wolff, S.P., Ferrous ion oxidation in presence of ferric ion indicator xylenol orange for 
measurement of hydroperoxides, in Methods in enzymology. 1994, Academic Press. p. 
182-189. 
49. Bou, R., Codony, R., Tres, A., Decker, E.A., and Guardiola, F., Determination of 
hydroperoxides in foods and biological samples by the ferrous oxidation–xylenol 
orange method: A review of the factors that influence the method’s performance. 
Analytical Biochemistry, 2008. 377(1): p. 1-15. 
50. Shantha, N.C. and Decker, E.A., Rapid, sensitive, iron-based spectrophotometric 
methods for determination of peroxide values of food lipids. J AOAC Int, 1994. 77(2): p. 
421-4. 
51. DeLong, J.M., Prange, R.K., Hodges, D.M., Forney, C.F., Bishop, M.C., and Quilliam, M., 
Using a Modified Ferrous Oxidation@Xylenol Orange AFOXB Assay for DetecCon of Lipid 
Hydroperoxides in Plant Tissue. Journal of Agricultural and Food Chemistry, 2001. 
50(2): p. 248-254. 
52. Yildiz, G., Wehling, R.L., and Cuppett, S.L., Comparison of four analytical methods for 
the determination of peroxide value in oxidized soybean oils. Journal of the American 
Oil Chemists' Society, 2003. 80(2): p. 103-107. 
53. Lawley, R., Curtis, L., and Davis, J., The Food Safety Hazard Guidebook. 2012, Royal 
Society of Chemistry: Cambridge. 
54. Akoh, C.C., Oxidative stability of fat substitutes and vegetable oils by the oxidative 
stability index method. Journal of the American Oil Chemists’ Society, 1994. 71(2): p. 
211-216. 
55. Velasco, J.n., Andersen, M.L., and Skibsted, L.H., Evaluation of oxidative stability of 
vegetable oils by monitoring the tendency to radical formation. A comparison of 
electron spin resonance spectroscopy with the Rancimat method and differential 
scanning calorimetry. Food Chemistry, 2004. 85(4): p. 623-632. 
56. Hasenhuettl, G.L. and Wan, P.J., Temperature effects on the determination of oxidative 
stability with the metrohm rancimat. Journal of the American Oil Chemists Society, 
1992. 69(6): p. 525-527. 
57. Coppin, E.A. and Pike, O.A., Oil stability index correlated with sensory determination of 
oxidative stability in light-exposed soybean oil. Journal of the American Oil Chemists' 
Society, 2001. 78(1): p. 13-18. 
58. Hu, M. and Jacobsen, C., Oxidative Stability and Shelf Life of Foods Containing Oils and 
Fats. 2016, Elsevier: London. 
259 
 
59. Adcock, J.L., Barnett, N.W., and Francis, P.S., CHEMILUMINESCENCE | Overview, in 
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering. 2014, 
Elsevier. 
60. Barnett, N.W. and Francis, P.S., CHEMILUMINESCENCE | Overview, in Encyclopedia of 
Analytical Science, Worsfold, P., Townshend, A., and Poole, C., Editors. 2005, Elsevier: 
Oxford. p. 506-511. 
61. Barnett, N.W. and Francis, P.S., CHEMILUMINESCENCE | Liquid-Phase, in Encyclopedia 
of Analytical Science, Poole, P.W.T., Editor. 2005, Elsevier: Oxford. p. 511-521. 
62. Bezzi, S., Loupassaki, S., Petrakis, C., Kefalas, P., and Calokerinos, A., Evaluation of 
peroxide value of olive oil and antioxidant activity by luminol chemiluminescence. 
Talanta, 2008. 77(2): p. 642-646. 
63. Rolewski, P., Siger, A., Nogala-Kałucka, M., and Polewski, K., Chemiluminescent assay 
of lipid hydroperoxides quantification in emulsions of fatty acids and oils. Food 
Research International, 2009. 42(1): p. 165-170. 
64. Adcock, J.L., Barnett, N.W., and Francis, P.S., CHEMILUMINESCENCE | Liquid Phase, in 
Reference Module in Chemistry, Molecular Sciences and Chemical Engineering. 2014, 
Elsevier. 
65. Roswell, D.F. and White, E.H., The chemiluminescence of luminol and related 
hydrazides. Methods in enzymology, 1978. 57: p. 409-423. 
66. Marquette, C.A. and Blum, L.J., Applications of the luminol chemiluminescent reaction 
in analytical chemistry. Analytical and bioanalytical chemistry, 2006. 385(3): p. 546-
554. 
67. Harris, D.C., Quantitative Chemical Analysis. 8 ed. 2010, W. H. Freeman: New York. 
68. Ramis-Ramos, G., ANTIOXIDANTS | Synthetic Antioxidants, in Encyclopedia of Food 
Sciences and Nutrition ASecond EditionB, Caballero, B., Editor. 2003, Academic Press: 
Oxford. p. 265-275. 
69. Pokorný, J., Are natural antioxidants better – and safer – than synthetic antioxidants? 
European Journal of Lipid Science and Technology, 2007. 109(6): p. 629-642. 
70. Cömert, E.D. and Gökmen, V., Evolution of food antioxidants as a core topic of food 
science for a century. Food Research International, 2018. 105: p. 76-93. 
71. Madhavi, D.L., Deshpande, S.S., and Salunkhe, D.K., Food Antioxidants: Technological: 
Toxicological and Health Perspectives. 1995, Marcel Dekker: New York. 
72. Horton, W. and Török, M., Natural and Nature-Inspired Synthetic Small Molecule 
Antioxidants in the Context of Green Chemistry, in Green Chemistry. 2018, Elsevier. p. 
963-979. 
73. Camenzuli, M., Ritchie, H.J., Dennis, G.R., and Shalliker, R.A., Parallel segmented flow 
chromatography columns with multiplexed detection: An illustration using antioxidant 
screening of natural products. Microchemical Journal, 2013. 110(0): p. 726-730. 
74. Brand-Williams, W., Cuvelier, M.E., and Berset, C., Use of a free radical method to 
evaluate antioxidant activity. LWT - Food Science and Technology, 1995. 28(1): p. 25-
30. 
75. Floegel, A., Kim, D.-O., Chung, S.-J., Koo, S.I., and Chun, O.K., Comparison of 
ABTS/DPPH assays to measure antioxidant capacity in popular antioxidant-rich US 
foods. Journal of Food Composition and Analysis, 2011. 24(7): p. 1043-1048. 
76. Brezová, V., Šlebodová, A., and Staško, A., Coffee as a source of antioxidants: An EPR 
study. Food Chemistry, 2009. 114(3): p. 859-868. 
77. Tsukagoshi, K., Saito, T., and Nakajima, R., Analysis of antioxidants by microchip 
capillary electrophoresis with chemiluminescence detection based on luminol reaction. 
Talanta, 2008. 77(2): p. 514-517. 
78. Christodouleas, D.C., Giokas, D.L., Garyfali, V., Papadopoulos, K., and Calokerinos, A.C., 
An automatic FIA-CL method for the determination of antioxidant activity of edible oils 
260 
 
based on peroxyoxalate chemiluminescence. Microchemical Journal, 2015. 118(0): p. 
73-79. 
79. Ogawa, A., Arai, H., Tanizawa, H., Miyahara, T., and Toyo′oka, T., On-line screening 
method for antioxidants by liquid chromatography with chemiluminescence detection. 
Analytica Chimica Acta, 1999. 383(3): p. 221-230. 
80. Francis, P.S., Costin, J.W., Conlan, X.A., Bellomarino, S.A., Barnett, J.A., and Barnett, 
N.W., A rapid antioxidant assay based on acidic potassium permanganate 
chemiluminescence. Food Chemistry, 2010. 122(3): p. 926-929. 
81. Kim, Y.S., Hwang, J.W., Sung, S.H., Jeon, Y.J., Jeong, J.H., Jeon, B.T., Moon, S.H., and 
Park, P.J., Antioxidant activity and protective effect of extract of Celosia cristata L. 
flower on tert-butyl hydroperoxide-induced oxidative hepatotoxicity. Food Chemistry, 
2015. 168: p. 572-9. 
82. Ukeda, H., Adachi, Y., and Sawamura, M., Flow injection analysis of DPPH radical based 
on electron spin resonance. Talanta, 2002. 58(6): p. 1279-83. 
83. Guo, Q., Zhao, B., Shen, S., Hou, J., Hu, J., and Xin, W., ESR study on the structure-
antioxidant activity relationship of tea catechins and their epimers. Biochimica et 
Biophysica Acta (BBA) - General Subjects, 1999. 1427(1): p. 13-23. 
84. Bandonienė, D. and Murkovic, M., On-Line HPLC-DPPH Screening Method for 
Evaluation of Radical Scavenging Phenols Extracted from Apples AMalus domestica L.B. 
Journal of Agricultural and Food Chemistry, 2002. 50(9): p. 2482-2487. 
85. Koleva, I.I., Niederländer, H.A.G., and van Beek, T.A., Application of ABTS Radical 
Cation for Selective On-Line Detection of Radical Scavengers in HPLC Eluates. Analytical 
Chemistry, 2001. 73(14): p. 3373-3381. 
86. Costin, J.W., Barnett, N.W., Lewis, S.W., and McGillivery, D.J., Monitoring the total 
phenolic/antioxidant levels in wine using flow injection analysis with acidic potassium 
permanganate chemiluminescence detection. Analytica Chimica Acta, 2003. 499(1–2): 
p. 47-56. 
87. Malejko, J., Nalewajko-Sieliwoniuk, E., Nazaruk, J., Siniło, J., and Kojło, A., 
Determination of the total polyphenolic content in Cirsium palustre AL.B leaves extracts 
with manganeseAIVB chemiluminescence detection. Food Chemistry, 2014. 152(0): p. 
155-161. 
88. Adcock, J.L., Francis, P.S., and Barnett, N.W., Acidic potassium permanganate as a 
chemiluminescence reagent—A review. Analytica Chimica Acta, 2007. 601(1): p. 36-67. 
89. Stauff, J. and Jaeschke, W., A chemiluminescence technique for measuring atmospheric 
trace concentrations of sulfur dioxide. Atmospheric Environment, 1975. 9(11): p. 1038-
1039. 
90. Hindson, B.J. and Barnett, N.W., Analytical applications of acidic potassium 
permanganate as a chemiluminescence reagent. Analytica Chimica Acta, 2001. 445(1): 
p. 1-19. 
91. Adcock, J.L., Francis, P.S., Smith, T.A., and Barnett, N.W., The characteristic red 
chemiluminescence from reactions with acidic potassium permanganate: further 
spectroscopic evidence for a manganeseAIIB emitter. Analyst, 2008. 133(1): p. 49-51. 
92. Francis, P.S., Hindson, C.M., Terry, J.M., Smith, Z.M., Slezak, T., Adcock, J.L., Fox, B.L., 
and Barnett, N.W., Enhanced permanganate chemiluminescence. Analyst, 2011. 
136(1): p. 64-66. 
93. Hindson, C.M., Francis, P.S., Hanson, G.R., Adcock, J.L., and Barnett, N.W., Mechanism 
of Permanganate Chemiluminescence. Analytical Chemistry, 2010. 82(10): p. 4174-
4180. 
94. McDermott, G.P., Conlan, X.A., Noonan, L.K., Costin, J.W., Mnatsakanyan, M., Shalliker, 
R.A., Barnett, N.W., and Francis, P.S., Screening for antioxidants in complex matrices 
using high performance liquid chromatography with acidic potassium permanganate 
chemiluminescence detection. Analytica Chimica Acta, 2011. 684(1–2): p. 134-141. 
261 
 
95. Slezak, T., Francis, P.S., Anastos, N., and Barnett, N.W., Determination of synephrine in 
weight-loss products using high performance liquid chromatography with acidic 
potassium permanganate chemiluminescence detection. Analytica Chimica Acta, 2007. 
593(1): p. 98-102. 
96. Adcock, J.L., Smith, Z.M., Barnett, N.W., Barbante, G.J., Doeven, E.H., and Francis, P.S., 
A review of recent advances in chemiluminescence detection using nano-colloidal 
manganeseAIVB. Analytica Chimica Acta, 2014(0): p. 848. 
97. Jáky, M., Simándi, L.I., and Shafirovich, V.Y., Autocatalytic oxidation of propane-1,2-diol 
by soluble manganeseAIVB in aqueous phosphoric acid. Inorganica Chimica Acta, 1984. 
90(3): p. 39-41. 
98. Jáky, M., Oxidations of bifunctional substrates with soluble manganeseAIVB phosphate. 
Polyhedron, 1995. 14(20–21): p. 2857-2861. 
99. Perez-Benito, J.F., Brillas, E., and Pouplana, R., Identification of a soluble form of 
colloidal manganeseAIVB. Inorganic Chemistry, 1989. 28(3): p. 390-392. 
100. Barnett, N.W., Hindson, B.J., Lewis, S.W., Jones, P., and Worsfold, P.J., Soluble 
manganeseAIVB; a new chemiluminescence reagent. Analyst, 2001. 126(10): p. 1636-
1639. 
101. Smith, Z.M., Terry, J.M., Barnett, N.W., and Francis, P.S., Ethanol as an alternative to 
formaldehyde for the enhancement of manganeseAIVB chemiluminescence detection. 
Talanta, 2014. 130(0): p. 221-225. 
102. Hazards, E.P.o.B., Scientific Opinion on risk based control of biogenic amine formation 
in fermented foods. EFSA Journal, 2011. 9(10): p. 2393-n/a. 
103. Naila, A., Flint, S., Fletcher, G., Bremer, P., and Meerdink, G., Control of Biogenic 
Amines in Food—Existing and Emerging Approaches. Journal of Food Science, 2010. 
75(7): p. R139-R150. 
104. Hernández-Jover, T., Izquierdo-Pulido, M., Veciana-Nogués, M.T., Mariné-Font, A., and 
Vidal-Carou, M.C., Biogenic Amine and Polyamine Contents in Meat and Meat 
Products. Journal of Agricultural and Food Chemistry, 1997. 45(6): p. 2098-2102. 
105. Bedia Erim, F., Recent analytical approaches to the analysis of biogenic amines in food 
samples. Trends in Analytical Chemistry, 2013. 52: p. 239-247. 
106. Ruiz-Capillas, C. and Jimenez-Colmenero, F., Biogenic amines in meat and meat 
products. Crit Rev Food Sci Nutr, 2004. 44(7-8): p. 489-99. 
107. Lehane, L. and Olley, J., Histamine fish poisoning revisited. International Journal of 
Food Microbiology, 2000. 58(1-2): p. 1-37. 
108. Shalaby, A.R., Significance of biogenic amines to food safety and human health. Food 
Research International, 1996. 29(7): p. 675-690. 
109. Nuñez, M., del Olmo, A., and Calzada, J., Biogenic Amines, in Encyclopedia of Food and 
Health, Caballero, B., Finglas, P.M., and Toldrá, F., Editors. 2016, Academic Press: 
Oxford. p. 416-423. 
110. Mohammed, G.I., Bashammakh, A.S., Alsibaai, A.A., Alwael, H., and El-Shahawi, M.S., A 
critical overview on the chemistry, clean-up and recent advances in analysis of biogenic 
amines in foodstuffs. Trends in Analytical Chemistry, 2016. 78: p. 84-94. 
111. Santos, M.H.S., Biogenic amines: their importance in foods. International Journal of 
Food Microbiology, 1996. 29(2–3): p. 213-231. 
112. Spano, G., Russo, P., Lonvaud-Funel, A., Lucas, P., Alexandre, H., Grandvalet, C., Coton, 
E., Coton, M., Barnavon, L., Bach, B., Rattray, F., Bunte, A., Magni, C., Ladero, V., 
Alvarez, M., Fernandez, M., Lopez, P., de Palencia, P.F., Corbi, A., Trip, H., and Lolkema, 
J.S., Biogenic amines in fermented foods. Eur J Clin Nutr, 2010. 64(S3): p. S95-S100. 
113. Ettinger, S.J. and Feldman, E.C., Textbook of Veterinary Internal Medicine. 2009, 
Elsevier Health Sciences: Canada. 
262 
 
114. Privitera, P.J., Loggie, J.M., and Gaffney, T.E., A comparison of the cardiovascular 
effects of biogenic amines and their precursors in newborn and adult dogs. J Pharmacol 
Exp Ther, 1969. 166(2): p. 293-8. 
115. Prester, L., Biogenic amines in ready-to-eat foods, in Food Hygiene and Toxicology in 
Ready-to-Eat Foods, Kotzekidou, P., Editor. 2016, Academic Press: San Diego. p. 397-
416. 
116. Landete, J.M., De Las Rivas, B., Marcobal, A., and Muñoz, R., Updated molecular 
knowledge about histamine biosynthesis by bacteria. Critical Reviews in Food Science 
and Nutrition, 2008. 48(8): p. 697-714. 
117. Til, H.P., Falke, H.E., Prinsen, M.K., and Willems, M.I., Acute and subacute toxicity of 
tyramine, spermidine, spermine, putrescine and cadaverine in rats. Food Chem Toxicol, 
1997. 35(3-4): p. 337-48. 
118. Landeta, G., de Las Rivas, B., Carrascosa, A.V., and Munoz, R., Screening of biogenic 
amine production by coagulase-negative staphylococci isolated during industrial 
Spanish dry-cured ham processes. Meat Sci, 2007. 77(4): p. 556-61. 
119. Önal, A., A review: Current analytical methods for the determination of biogenic 
amines in foods. Food Chemistry, 2007. 103(4): p. 1475-1486. 
120. Lawrence, J.F. and Frei, R.W., Chemical Derivatization in Liquid Chromatography. 2000, 
Elsevier Science: Amsterdam. 
121. Rosenfeld, J.M., Derivatization in the current practice of analytical chemistry. Trends in 
Analytical Chemistry, 2003. 22(11): p. 785-798. 
122. Fernandes, J.O. and Ferreira, M.A., Combined ion-pair extraction and gas 
chromatography-mass spectrometry for the simultaneous determination of diamines, 
polyamines and aromatic amines in Port wine and grape juice. J Chromatogr A, 2000. 
886(1-2): p. 183-95. 
123. Hwang, B.-S., Wang, J.-T., and Choong, Y.-M., A rapid gas chromatographic method for 
the determination of histamine in fish and fish products. Vol. 82. 2003. 
124. Kvasnička, F. and Voldřich, M., Determination of biogenic amines by capillary zone 
electrophoresis with conductometric detection. Journal of Chromatography A, 2006. 
1103(1): p. 145-149. 
125. Önal, A., Tekkeli, S.E.K., and Önal, C., A review of the liquid chromatographic methods 
for the determination of biogenic amines in foods. Food Chemistry, 2013. 138(1): p. 
509-515. 
126. Shalaby, A.R., Simple, rapid and valid thin layer chromatographic method for 
determining biogenic amines in foods. Food Chemistry, 1999. 65(1): p. 117-121. 
127. Lapa-Guimaraes, J. and Pickova, J., New solvent systems for thin-layer chromatographic 
determination of nine biogenic amines in fish and squid. J Chromatogr A, 2004. 1045(1-
2): p. 223-32. 
128. Santiago, M. and Strobel, S., Chapter 24 - Thin Layer Chromatography, in Methods in 
enzymology, Lorsch, J., Editor. 2013, Academic Press: San Diego. p. 303-324. 
129. Robards, K., Haddad, P.R., and Jackson, P.E., Principles and Practice of Modern 
Chromatographic Methods. 1994, Elsevier: Amsterdam. 
130. Knapp, D.R., Handbook of Analytical Derivatization Reactions. 1979, John Wiley & 
Sons: New York. 
131. Aflaki, F., Ghoulipour, V., Saemian, N., and Salahinejad, M., A simple method for 
benzoyl chloride derivatization of biogenic amines for high performance liquid 
chromatography. Analytical Methods, 2014. 6(5): p. 1482-1487. 
132. Pineda, A., Carrasco, J., Peña-Farfal, C., Henríquez-Aedo, K., and Aranda, M., 
Preliminary evaluation of biogenic amines content in Chilean young varietal wines by 
HPLC. Food Control, 2012. 23(1): p. 251-257. 
263 
 
133. Restuccia, D., Spizzirri, U.G., Parisi, O.I., Cirillo, G., and Picci, N., Brewing effect on levels 
of biogenic amines in different coffee samples as determined by LC-UV. Food 
Chemistry, 2015. 175(0): p. 143-150. 
134. Papavergou, E.J., Savvaidis, I.N., and Ambrosiadis, I.A., Levels of biogenic amines in 
retail market fermented meat products. Food Chemistry, 2012. 135(4): p. 2750-2755. 
135. Özdestan, Ö. and Üren, A., A method for benzoyl chloride derivatization of biogenic 
amines for high performance liquid chromatography. Talanta, 2009. 78(4–5): p. 1321-
1326. 
136. Miranda, A., Leça, J., Pereira, V., and Marques, J.C., Analytical methodologies for the 
determination of Biogenic Amines in wines: An overview of the Recent Trends. Journal 
of Analytical, Bioanalytical and Separation techniques, 2017. 2. 
137. Cobo, M. and Silva, M., LC analysis of biogenic polyamines in table olives using on-line 
dansylation and peroxyoxalate chemiluminescence detection. Chromatographia, 2000. 
51(11): p. 706-712. 
138. Vinci, G. and Antonelli, M.L., Biogenic amines: quality index of freshness in red and 
white meat. Food Control, 2002. 13(8): p. 519-524. 
139. Innocente, N., Biasutti, M., Padovese, M., and Moret, S., Determination of biogenic 
amines in cheese using HPLC technique and direct derivatization of acid extract. Food 
Chemistry, 2007. 101(3): p. 1285-1289. 
140. Molins-Legua, C., Campins-Falco, P., and Sevillano-Cabeza, A., Automated pre-column 
derivatization of amines in biological samples with dansyl chloride and with or without 
post-column chemiluminescence formation by using TCPO-H2O2. Analyst, 1998. 
123(12): p. 2871-2876. 
141. Simmaco, M., De Biase, D., Barra, D., and Bossa, F., Automated amino acid analysis 
using precolumn derivatization with dansylchloride reversed-phase high-performance 
liquid chromatography. Journal of Chromatography A, 1990. 504: p. 129-138. 
142. Dadáková, E., Křížek, M., and Pelikánová, T., Determination of biogenic amines in foods 
using ultra-performance liquid chromatography AUPLCB. Food Chemistry, 2009. 116(1): 
p. 365-370. 
143. Dugo, P., Cacciola, F., Kumm, T., Dugo, G., and Mondello, L., Comprehensive 
multidimensional liquid chromatography: Theory and applications. Journal of 
Chromatography A, 2008. 1184(1–2): p. 353-368. 
144. Henríquez-Aedo, K., Vega, M., Prieto-Rodríguez, S., and Aranda, M., Evaluation of 
biogenic amines content in chilean reserve varietal wines. Food and Chemical 
Toxicology, 2012. 50(8): p. 2742-2750. 
145. Saaid, M., Saad, B., Hashim, N.H., Mohamed Ali, A.S., and Saleh, M.I., Determination of 
biogenic amines in selected Malaysian food. Food Chemistry, 2009. 113(4): p. 1356-
1362. 
146. Ordóñez, J.L., Troncoso, A.M., García-Parrilla, M.D.C., and Callejón, R.M., Recent trends 
in the determination of biogenic amines in fermented beverages – A review. Analytica 
Chimica Acta, 2016. 939: p. 10-25. 
147. Papageorgiou, M., Lambropoulou, D., Morrison, C., Kłodzińska, E., Namieśnik, J., and 
Płotka-Wasylka, J., Literature update of analytical methods for biogenic amines 
determination in food and beverages. Trends in Analytical Chemistry, 2018. 98: p. 128-
142. 
148. Busto, O., Guasch, J., and Borrull, F., Improvement of a solid-phase extraction method 
for determining biogenic amines in wines. Journal of Chromatography A, 1995. 718(2): 
p. 309-317. 
149. Kelly, M.T., Blaise, A., and Larroque, M., Rapid automated high performance liquid 
chromatography method for simultaneous determination of amino acids and biogenic 
amines in wine, fruit and honey. Journal of Chromatography A, 2010. 1217(47): p. 
7385-7392. 
264 
 
150. Bassanese, D.N., Crawford-Clark, S., Bowen, B.J., Henderson, L.C., Barnett, N.W., and 
Conlan, X.A., The determination and characterisation of 2-naphthyloxycarbonyl 
chloride derivatised biogenic amines in pet foods. Journal of Separation Science, 2012. 
35(9): p. 1110-1117. 
151. Toyo'oka, T., Modern derivatization methods for separation sciences. 1999, John Wiley 
and Sons: England. 
152. Salazar, M.T., Smith, T.K., and Harris, A., High-performance liquid chromatographic 
method for determination of biogenic amines in feedstuffs, complete feeds, and animal 
tissues. J Agric Food Chem, 2000. 48(5): p. 1708-12. 
153. Manetta, A.C., Di Giuseppe, L., Tofalo, R., Martuscelli, M., Schirone, M., Giammarco, 
M., and Suzzi, G., Evaluation of biogenic amines in wine: Determination by an improved 
HPLC-PDA method. Food Control, 2016. 62: p. 351-356. 
154. Jia, S., Kang, Y.P., Park, J.H., Lee, J., and Kwon, S.W., Simultaneous determination of 23 
amino acids and 7 biogenic amines in fermented food samples by liquid 
chromatography/quadrupole time-of-flight mass spectrometry. J Chromatogr A, 2011. 
1218(51): p. 9174-82. 
155. mo Dugo, G., Vilasi, F., La Torre, G.L., and Pellicanò, T.M., Reverse phase HPLC/DAD 
determination of biogenic amines as dansyl derivatives in experimental red wines. Food 
Chemistry, 2006. 95(4): p. 672-676. 
156. Zhao, Q.-X., Xu, J., Xue, C.-H., Sheng, W.-J., Gao, R.-C., Xue, Y., and Li, Z.-J., 
Determination of Biogenic Amines in Squid and White Prawn by High-Performance 
Liquid Chromatography with Postcolumn Derivatization. Journal of Agricultural and 
Food Chemistry, 2007. 55(8): p. 3083-3088. 
157. Arrieta, M.P. and Prats-Moya, M.S., Free amino acids and biogenic amines in Alicante 
Monastrell wines. Food Chemistry, 2012. 135(3): p. 1511-9. 
158. Notou, M., Zotou, A., Tzanavaras, P.D., and Themelis, D.G., Automated derivatization 
and fluorimetric determination of biogenic amines in milk by zone fluidics coupled to 
liquid chromatography. Journal of Chromatography A, 2014. 1356(0): p. 272-276. 
159. Gao, P.F., Guo, X.F., Wang, H., and Zhang, H.S., Determination of trace biogenic amines 
with 1,3,5,7-tetramethyl-8-AN-hydroxysuccinimidyl butyric esterB-difluoroboradiaza-s-
indacene derivatization using high-performance liquid chromatography and 
fluorescence detection. Journal of Separation Science, 2011. 34(12): p. 1383-90. 
160. You, J. and Zhang, Y., Determination of biogenic amines by RPHPLC with fluorescent 
detection after derivatization with 2-A9-carbazoleBethyl chloroformate ACEOCB. 
Chromatographia, 2002. 56(1): p. 43-50. 
161. Gómez-Alonso, S., Hermosín-Gutiérrez, I., and García-Romero, E., Simultaneous HPLC 
Analysis of Biogenic Amines, Amino Acids, and Ammonium Ion as Aminoenone 
Derivatives in Wine and Beer Samples. Journal of Agricultural and Food Chemistry, 
2007. 55(3): p. 608-613. 
162. Bach, B., Le Quere, S., Vuchot, P., Grinbaum, M., and Barnavon, L., Validation of a 
method for the analysis of biogenic amines: Histamine instability during wine sample 
storage. Analytica Chimica Acta, 2012. 732: p. 114-119. 
163. Lozanov, V., Petrov, S., and Mitev, V., Simultaneous analysis of amino acid and 
biogenic polyamines by high-performance liquid chromatography after pre-column 
derivatization with N-A9-fluorenylmethoxycarbonyloxyBsuccinimide. Journal of 
Chromatography A, 2004. 1025(2): p. 201-8. 
164. Lozanov, V., Benkova, B., Mateva, L., Petrov, S., Popov, E., Slavov, C., and Mitev, V., 
Liquid chromatography method for simultaneous analysis of amino acids and biogenic 
amines in biological fluids with simultaneous gradient of pH and acetonitrile. Journal of 
Chromatography B, 2007. 860(1): p. 92-7. 
165. Romero, R., Gázquez, D., Bagur, M.G., and Sánchez-Viñas, M., Optimization of 
chromatographic parameters for the determination of biogenic amines in wines by 
265 
 
reversed-phase high-performance liquid chromatography. Journal of Chromatography 
A, 2000. 871(1): p. 75-83. 
166. Kamp, R.M., Choli-Papadopoulou, T., and Wittmann-Liebold, B., Protein Structure 
Analysis: Preparation, Characterization, and Microsequencing. 2012, Springer: Berlin 
Heidelberg. 
167. Bockhardt, A., Krause, I., and Klostermeyer, H., Determination of biogenic amines by 
RP-HPLC of the dabsyl derivates. Zeitschrift für Lebensmittel-Untersuchung und 
Forschung, 1996. 203(1): p. 65-70. 
168. Jastrzębska, A., Piasta, A., Kowalska, S., Krzemiński, M., and Szłyk, E., A new 
derivatization reagent for determination of biogenic amines in wines. Journal of Food 
Composition and Analysis, 2016. 48: p. 111-119. 
169. Piasta, A.M., Jastrzębska, A., Krzemiński, M.P., Muzioł, T.M., and Szłyk, E., New 
procedure of selected biogenic amines determination in wine samples by HPLC. 
Analytica Chimica Acta, 2014. 834: p. 58-66. 
170. Kirschbaum, J., Rebscher, K., and Bruckner, H., Liquid chromatographic determination 
of biogenic amines in fermented foods after derivatization with 3,5-dinitrobenzoyl 
chloride. Journal of Chromatography A, 2000. 881(1-2): p. 517-30. 
171. Chin-Chen, M.L., Carda-Broch, S., Peris-Vicente, J., Rambla-Alegre, M., Esteve-Romero, 
J., and Marco-Peiró, S., Evaluation of biogenic amines in fish sauce by derivatization 
with 3,5-dinitrobenzoyl chloride and micellar liquid chromatography. Journal of Food 
Composition and Analysis, 2013. 29(1): p. 32-36. 
172. Idris, A.M., Flow Injection, Overlooked Techniques in Forensic Analysis. Critical Reviews 
in Analytical Chemistry, 2010. 40(4): p. 218-225. 
173. Zagatto, E.A.G. and Worsfold, P.J., FLOW ANALYSIS | Overview, in Encyclopedia of 
Analytical Science ASecond EditionB, Poole, P.W.T., Editor. 2005, Elsevier: Oxford. p. 24-
31. 
174. Ružicka, J. and Hansen, E.H., Flow Injection Analysis. 1988, Wiley: New York. 
175. Mohr, S., Terry, J.M., Adcock, J.L., Fielden, P.R., Goddard, N.J., Barnett, N.W., Wolcott, 
D.K., and Francis, P.S., Precision milled flow-cells for chemiluminescence detection. 
Analyst, 2009. 134(11): p. 2233-2238. 
176. Terry, J.M., Mohr, S., Fielden, P.R., Goddard, N.J., Barnett, N.W., Olson, D.C., Wolcott, 
D.K., and Francis, P.S., Chemiluminescence detection flow cells for flow injection 
analysis and high-performance liquid chromatography. Analytical and bioanalytical 
chemistry, 2012. 403(8): p. 2353-2360. 
177. Spilstead, K.B., Learey, J.J., Doeven, E.H., Barbante, G.J., Mohr, S., Barnett, N.W., Terry, 
J.M., Hall, R.M., and Francis, P.S., 3D-printed and CNC milled flow-cells for 
chemiluminescence detection. Talanta, 2014. 126(0): p. 110-115. 
178. Luque de Castro, M.D., FLOW INJECTION ANALYSIS | Principles, in Encyclopedia of 
Analytical Science ASecond EditionB, Poole, P.W.T., Editor. 2005, Elsevier: Oxford. p. 31-
39. 
179. Harris, D.C., Quantitative Chemical Analysis. eighth ed. 2010, W. H. Freeman and 
Company: New York. 
180. Moreno-Arribas, M.V. and Polo, M.C., CHROMATOGRAPHY | High-performance Liquid 
Chromatography, in Encyclopedia of Food Sciences and Nutrition ASecond EditionB, 
Editor-in-Chief: Benjamin, C., Editor. 2003, Academic Press: Oxford. p. 1274-1280. 
181. Engelhardt, H., One century of liquid chromatography: From Tswett’s columns to 
modern high speed and high performance separations. Journal of Chromatography B, 
2004. 800(1–2): p. 3-6. 
182. Hagen, W.R., EPR Spectroscopy, in Practical Approaches to Biological Inorganic 
Chemistry, Crichton, R.R. and Louro, R.O., Editors. 2013, Elsevier: Oxford. p. 53-75. 
183. Fattibene, P. and Callens, F., EPR dosimetry with tooth enamel: A review. Applied 
Radiation and Isotopes, 2010. 68(11): p. 2033-2116. 
266 
 
184. Zavoisky, E.K., Paramagnetic Relaxation of Liquid Solutions for Perpendicular Fields. 
1945. 115: p. 344-350. 
185. Eaton, G.R., Eaton, S.S., Barr, D.P., and Weber, R.T., Quantitative EPR. 1 ed. 2010, 
Springer: Vienna. 
186. Weil, J.A. and Bolton, J.R., Electron Paramagnetic Resonance: Elementary Theory and 
Practical Applications. 2007, John Wiley & Sons: Hoboken. 
187. Hawkins, C.L. and Davies, M.J., Detection and characterisation of radicals in biological 
materials using EPR methodology. Biochimica et Biophysica Acta (BBA) - General 
Subjects, 2014. 1840(2): p. 708-721. 
188. Vij, D.R., Handbook of Applied Solid State Spectroscopy. 2007, Springer: US. 
189. Drescher, M. and Jeschke, G., EPR Spectroscopy: Applications in Chemistry and Biology. 
1 ed. Topics in Current Chemistry. 2012, Springer: Berlin Heidelberg. 
190. Davies, M.J., Applications of electron spin resonance spectroscopy to the identification 
of radicals produced during lipid peroxidation. Chemistry and Physics of Lipids, 1987. 
44(2–4): p. 149-173. 
191. Thomsen, M., Kristensen, D., and Skibsted, L., Electron spin resonance spectroscopy for 
determination of the oxidative stability of food lipids. Journal of the American Oil 
Chemists' Society, 2000. 77(7): p. 725-730. 
192. Naila, A., Flint, S., Fletcher, G., Bremer, P., and Meerdink, G., Control of biogenic 
amines in food - Existing and emerging approaches. Journal of Food Science, 2010. 
75(7): p. R139-50. 
193. Martínez-Force, E. and Benítez, T., Separation of o-phthalaldehyde derivatives of 
amino acids of the internal pool of yeast by reverse-phase liquid chromatography. 
Biotechnology Techniques, 1991. 5(3): p. 209-214. 
194. Kirschbaum, J., Busch, I., and Brückner, H., Determination of biogenic amines in food by 
automated pre-column derivatization with 2-naphthyloxycarbonyl chloride ANOC-CIB. 
Chromatographia, 1997. 45(1): p. 263-268. 
195. Hermanson, G.T., Chapter 3 - The Reactions of Bioconjugation, in Bioconjugate 
Techniques, Hermanson, G.T., Editor. 2013, Academic Press: Boston. p. 229-258. 
196. Basheer, C., Wong, W., Makahleh, A., Tameem, A.A., Salhin, A., Saad, B., and Lee, H.K., 
Hydrazone-based ligands for micro-solid phase extraction-high performance liquid 
chromatographic determination of biogenic amines in orange juice. Journal of 
Chromatography A, 2011. 1218(28): p. 4332-4339. 
197. Preti, R., Antonelli, M.L., Bernacchia, R., and Vinci, G., Fast determination of biogenic 
amines in beverages by a core–shell particle column. Food Chemistry, 2015. 187: p. 
555-562. 
198. Molnár-Perl, I. and Bozor, I., Comparison of the stability and UV and fluorescence 
characteristics of the o-phthaldialdehyde/3-mercaptopropionic acid and o-
phthaldialdehyde/N-acetyl-l-cysteine reagents and those of their amino acid 
derivatives. Journal of Chromatography A, 1998. 798(1): p. 37-46. 
199. Bru¨ckner, H. and Lu¨pke, M., Use of chromogenic and fluorescent oxycarbonyl 
chlorides as reagents for amino acid analysis by high-performance liquid 
chromatography. Journal of Chromatography A, 1995. 697(1): p. 295-307. 
200. Dorresteijn, R.C., Berwald, L.G., Zomer, G., de Gooijer, C.D., Wieten, G., and Beuvery, 
E.C., Determination of amino acids using o-phthalaldehyde-2-mercaptoethanol 
derivatization effect of reaction conditions. Journal of Chromatography A, 1996. 
724(1): p. 159-167. 
201. Boulton, A.A., Baker, G.B., and Wood, J.D., Amino Acids. Neuromethods. Vol. 3. 1985, 
Humana Press: New Jersey. 
202. Skaaden, T. and Greibrokk, T., Determination of polyamines by pre-column 
derivatization with σ-phthalaldehyde and ethanethiol in combination with reversed-
267 
 
phase high-performance liquid chromatography. Journal of Chromatography A, 1982. 
247(1): p. 111-122. 
203. Scientific, T.F., Heraeus Multifuge X3 Instruction manual. 2011. 
204. Australia Schedule 19 Maximum levels of contaminants and natural toxicants of the 
Australia New Zealand Food Standards Code 2017, Food Standards Australia New 
Zealand: Australia. 
205. Molnar, I., Computerized design of separation strategies by reversed-phase liquid 
chromatography: development of DryLab software. Journal of Chromatography A, 
2002. 965(1): p. 175-194. 
206. Dennison, C., A simple and universal method for making up buffer solutions. 
Biochemical Education, 1988. 16(4): p. 210-211. 
207. Cooper, J.D., Ogden, G., McIntosh, J., and Turnell, D.C., The stability of the o-
phthalaldehyde/2-mercaptoethanol derivatives of amino acids: an investigation using 
high-pressure liquid chromatography with a precolumn derivatization technique. 
Analytical Biochemistry, 1984. 142(1): p. 98-102. 
208. Chiacchierini, E., Restuccia, D., and Vinci, G., Evaluation of two different extraction 
methods for chromatographic determination of bioactive amines in tomato products. 
Talanta, 2006. 69(3): p. 548-555. 
209. Ramos, R.M., Valente, I.M., and Rodrigues, J.A., Analysis of biogenic amines in wines by 
salting-out assisted liquid–liquid extraction and high-performance liquid 
chromatography with fluorimetric detection. Talanta, 2014. 124: p. 146-151. 
210. Mottier, N. and Jeanneret, F., Evaluation of two derivatization reagents for the 
determination by LC-MS/MS of ammonia in cigarette mainstream smoke. J Agric Food 
Chem, 2011. 59(1): p. 92-7. 
211. Frankel, E.N., In search of better methods to evaluate natural antioxidants and 
oxidative stability in food lipids. Trends in Food Science & Technology, 1993. 4(7): p. 
220-225. 
212. Shahidi, F., Natural Antioxidants: Chemistry, Health Effects, and Applications. 1997, 
AOCS Press: Champaign. 
213. Oroian, M. and Escriche, I., Antioxidants: Characterization, natural sources, extraction 
and analysis. Food Research International, 2015. 74: p. 10-36. 
214. Farhoosh, R., Shelf-life prediction of edible fats and oils using Rancimat. Lipid 
Technology, 2007. 19(10): p. 232-234. 
215. Labuza, T.P., Application of chemical kinetics to deterioration of foods. Journal of 
Chemical Education, 1984. 61(4): p. 348. 
216. Frankel, E.N., Lipid Oxidation. 2 ed. 2014, Woodhead Publishing: Cambridge. 
217. AOCS, Oven Storage Test for Accelerated Aging of Oils. 7th edition ed. AOCS 
Recommended Practice Cg 5-97. 1997. 
218. Shahidi, F. and Ambigaipalan, P., Phenolics and polyphenolics in foods, beverages and 
spices: Antioxidant activity and health effects – A review. Journal of Functional Foods, 
2015. 18: p. 820-897. 
219. Bondet, V., Brand-Williams, W., and Berset, C., Kinetics and Mechanisms of Antioxidant 
Activity using the DPPH Free Radical Method. LWT - Food Science and Technology, 
1997. 30(6): p. 609-615. 
220. Sharma, O.P. and Bhat, T.K., DPPH antioxidant assay revisited. Food Chemistry, 2009. 
113(4): p. 1202-1205. 
221. Wang, S.Y. and Ballington, J.R., Free radical scavenging capacity and antioxidant 
enzyme activity in deerberry AVaccinium stamineum L.B. LWT - Food Science and 
Technology, 2007. 40(8): p. 1352-1361. 
222. Nenadis, N. and Tsimidou, M.Z., DPPH A2,2-diA4-tert-octylphenylB-1-picrylhydrazylB 
radical scavenging mixed-mode colorimetric assayAsB, in Measurement of Antioxidant 
Activity & Capacity. 2018, John Wiley & Sons, Ltd. p. 141-164. 
268 
 
223. Dziobak, M.P. and Mendenhall, G.D., 2,2-Di-A4-tert-octylphenylB-1-picrylhydrazyl as an 
alkane-soluble standard for electron paramagnetic resonance studies. Journal of 
Magnetic Resonance (1969), 1982. 50(2): p. 274-280. 
224. Schaich, K.M., Tian, X., and Xie, J., Reprint of “Hurdles and pitfalls in measuring 
antioxidant efficacy: A critical evaluation of ABTS, DPPH, and ORAC assays”. Journal of 
Functional Foods, 2015. 18, Part B: p. 782-796. 
225. Dawidowicz, A.L., Wianowska, D., and Olszowy, M., On practical problems in 
estimation of antioxidant activity of compounds by DPPH method AProblems in 
estimation of antioxidant activityB. Food Chemistry, 2012. 131(3): p. 1037-1043. 
226. Ragnarsson, J.O. and Labuza, T.P., Accelerated shelf-life testing for oxidative rancidity 
in foods—A review. Food Chemistry, 1977. 2(4): p. 291-308. 
227. AOCS, Techniques for Assessing the Effects of Antioxidants in Oils and Fats. AOCS 
Analytical Guidelines, 2009. 
228. Breivik, H., Long-chain omega-3 specialty oils. Oily Press lipid library: volume 21. 2007, 
Bridgwater : Oily Press, [2007]. 
229. Anastos, N., Barnett, N.W., Hindson, B.J., Lenehan, C.E., and Lewis, S.W., Comparison 
of soluble manganeseAIVB and acidic potassium permanganate chemiluminescence 
detection using flow injection and sequential injection analysis for the determination of 
ascorbic acid in Vitamin C tablets. Talanta, 2004. 64(1): p. 130-134. 
230. Waseem, A., Rishi, L., Yaqoob, M., and Nabi, A., Flow-injection determination of retinol 
and tocopherol in pharmaceuticals with acidic potassium permanganate 
chemiluminescence. Anal Sci, 2009. 25(3): p. 407-12. 
231. Brown, A.J., Francis, P.S., Adcock, J.L., Lim, K.F., and Barnett, N.W., ManganeseAIIIB and 
manganeseAIVB as chemiluminescence reagents: A review. Analytica Chimica Acta, 
2008. 624(2): p. 175-183. 
232. Terry, J.M., Smith, Z.M., McDermott, G.P., Waite, R.J., Barnett, N.W., Henderson, L.C., 
Altimari, J.M., and Francis, P.S., Chemiluminescence detection of amino acids and 
related compounds using acidic potassium permanganate, manganeseAIVB or trisA2,2′-
bipyridineBrutheniumAIIIB. Talanta, 2012. 99(0): p. 1051-1056. 
233. Kemin nutrisurance, internal communication. 2017. 
234. Lampi, A. Analysis of Tocopherols and Tocotrienols by HPLC. 2011 August 3, 2011 
March 10, 2018]; Available from: 
http://lipidlibrary.aocs.org/Analysis/content.cfm?ItemNumber=40389. 
235. AOCS, Determination of tocopherols and tocotrienols in vegetable oils and fats by 
HPLC. Official Methods and Recommended Practices of the American Oil Chemists’ 
Society (Fifth Edition), 1997. 
236. Indyk, H. and Woollard, D.C., Antioxidant analysis in edible oils and fats by normal-
phase high-performance liquid chromatography. Journal of Chromatography A, 1986. 
356: p. 401-408. 
237. Andrikopoulos, N.K., Brueschweiler, H., Felber, H., and Taeschler, C., HPLC analysis of 
phenolic antioxidants, tocopherols and triglycerides. Journal of the American Oil 
Chemists' Society, 1991. 68(6): p. 359-364. 
238. Li, J., Bi, Y., Sun, S., and Peng, D., Simultaneous analysis of tert-butylhydroquinone, tert-
butylquinone, butylated hydroxytoluene, 2-tert-butyl-4-hydroxyanisole, 3-tert-butyl-4-
hydroxyanisole, α-tocopherol, γ-tocopherol, and δ-tocopherol in edible oils by normal-
phase high performance liquid chromatography. Food Chemistry, 2017. 234: p. 205-
211. 
239. Glavind, J. and Holmer, G., Thin-layer chromatographic determination of antioxidants 
by the stable free radical α, α′-diphenyl-β-picrylhydrazyl. Journal of the American Oil 
Chemists’ Society, 1967. 44(9): p. 539-542. 
240. Jáky, M. and Zrinyi, M., Oxidations with soluble manganeseAIVB phosphate. Polyhedron, 
1993. 12(11): p. 1271-1275. 
269 
 
241. Brown, A.J., Investigations into Reactions Involving ManganeseAIVB 
Chemiluminescence, in Chemistry. 2009, Deakin University: Geelong. p. 205. 
242. Adcock, J.L., Barnett, N.W., Barrow, C.J., and Francis, P.S., Advances in the use of acidic 
potassium permanganate as a chemiluminescence reagent: A review. Analytica 
Chimica Acta, 2014. 807(0): p. 9-28. 
243. Slezak, T., Terry, J.M., Francis, P.S., Hindson, C.M., Olson, D.C., Wolcott, D.K., and 
Barnett, N.W., Autocatalytic Nature of Permanganate Oxidations Exploited for Highly 
Sensitive Chemiluminescence Detection. Analytical Chemistry, 2010. 82(6): p. 2580-
2584. 
244. Lenehan, C.E., Sequential Injection Analysis☆, in Reference Module in Chemistry, 
Molecular Sciences and Chemical Engineering. 2013, Elsevier. 
245. Adcock, J.L., Terry, J.M., Barrow, C.J., Barnett, N.W., Olson, D.C., and Francis, P.S., 
Chemiluminescence detectors for liquid chromatography. Drug Testing and Analysis, 
2011. 3(3): p. 139-144. 
246. Hansen, S.H.Ã. and Pedersen-Bjergaard, S., Bioanalysis of Pharmaceuticals: Sample 
Preparation, Separation Techniques and Mass Spectrometry. 2015, John Wiley & Sons: 
West Sussex. 
247. Abbott, R.W., Townshend, A., and Gill, R., Determination of morphine in body fluids by 
high-performance liquid chromatography with chemiluminescence detection. Analyst, 
1987. 112(4): p. 397-406. 
248. Nollet, L.M.L. and Toldra, F., Handbook of Food Analysis. 3 ed. Vol. 2. 2015, CRC Press: 
Boca Raton. 
249. Chang, S.K., Ismail, A., and Daud, Z.A.M., Ascorbic Acid: Properties, Determination and 
Uses, in Encyclopedia of Food and Health. 2016, Academic Press: Oxford. p. 275-284. 
250. Karovičová, J. and Šimko, P., Determination of synthetic phenolic antioxidants in food 
by high-performance liquid chromatography. Journal of Chromatography A, 2000. 
882(1): p. 271-281. 
251. Nollet, L.M.L., Food Analysis by HPLC, Second Edition. 2000, Marcel Dekker: New York. 
252. Cui, L., Lahti, P.M., and Decker, E.A., Evaluating Electron Paramagnetic Resonance 
(EPR) to Measure Lipid Oxidation Lag Phase for Shelf-Life Determination of Oils. Journal 
of the American Oil Chemists' Society, 2017. 94(1): p. 89-97. 
253. Szterk, A., Stefaniuk, I., Waszkiewicz-Robak, B., and Roszko, M., Oxidative Stability of 
Lipids by Means of EPR Spectroscopy and Chemiluminescence. Journal of the American 
Oil Chemists' Society, 2011. 88(5): p. 611-618. 
254. Falch, E., Velasco, J., Aursand, M., and Andersen, M.L., Detection of radical 
development by ESR spectroscopy techniques for assessment of oxidative susceptibility 
of fish oils. European Food Research and Technology, 2005. 221(5): p. 667-674. 
255. Velasco, J., Andersen, M.L., and Skibsted, L.H., Electron spin resonance spin trapping 
for analysis of lipid oxidation in oils: inhibiting effect of the spin trap alpha-phenyl-N-
tert-butylnitrone on lipid oxidation. J Agric Food Chem, 2005. 53(5): p. 1328-36. 
256. Brezová, V., Polovka, M., and Staško, A., The influence of additives on beer stability 
investigated by EPR spectroscopy. Spectrochimica Acta Part A: Molecular and 
Biomolecular Spectroscopy, 2002. 58(6): p. 1279-1291. 
257. Jerzykiewicz, M., Ćwieląg-Piasecka, I., Witwicki, M., and Jezierski, A., α-Tocopherol 
impact on oxy-radical induced free radical decomposition of DMSO: Spin trapping EPR 
and theoretical studies. Chemical Physics, 2011. 383(1): p. 27-34. 
258. Glatzhofer, D.T. and Kadam, R.S., Use of Electron Paramagnetic Resonance 
Spectroscopy to Study Dielectric Properties of Liquids. ISRN Analytical Chemistry, 2012: 
p. 8. 
259. Kaim, W. and Klein, A., Spectroelectrochemistry. 2008, Royal Society of Chemistry: 
Cambridge. 
270 
 
260. Smallwood, I.M., Handbook of Organic Solvent Properties. 1996, Butterworth-
Heinemann: Oxford. 
261. Nardi, G., Manet, I., Monti, S., Miranda, M.A., and Lhiaubet-Vallet, V., Scope and 
limitations of the TEMPO/EPR method for singlet oxygen detection: the misleading role 
of electron transfer. Free Radical Biology and Medicine, 2014. 77: p. 64-70. 
262. Hanai, T. and Hatano, H., Advances in Liquid Chromatography: 35 Years of Column 
Liquid Chromatography in Japan. Vol. 1. 1996, World Scientific: Japan. 
263. Rosen, G.M. and Rauckman, E.J., Spin trapping of superoxide and hydroxyl radicals, in 
Methods in enzymology. 1984, Academic Press. p. 198-209. 
264. Buettner, G.R. and Mason, R.P., Spin-trapping methods for detecting superoxide and 
hydroxyl free radicals in vitro and in vivo. Methods in enzymology, 1990. 186: p. 127-
133. 
265. Qian, S.Y., Wang, H.P., Schafer, F.Q., and Buettner, G.R., EPR detection of lipid-derived 
free radicals from PUFA, LDL, and cell oxidations. Free Radical Biology and Medicine, 
2000. 29(6): p. 568-579. 
266. North, J.A., Spector, A.A., and Buettner, G.R., Detection of lipid radicals by electron 
paramagnetic resonance spin trapping using intact cells enriched with polyunsaturated 
fatty acid. J Biol Chem, 1992. 267(9): p. 5743-6. 
267. Andersen, M.L. and Skibsted, L.H., ESR Spectroscopy for the Study of Oxidative 
Processes in Food and Beverages, in Modern Magnetic Resonance, Webb, G.A., Editor. 
2006, Springer Netherlands: Dordrecht. p. 1861-1866. 
268. Thomas, C.E., Ku, G., and Kalyanaraman, B., Nitrone spin trap lipophilicity as a 
determinant for inhibition of low density lipoprotein oxidation and activation of 
interleukin-1 beta release from human monocytes. J Lipid Res, 1994. 35(4): p. 610-9. 
269. de Klerk, A., Fischer-Tropsch Refining. 2011, Wiley: Weinheim. 
270. Skaare, J.U. and Henriksen, T., Free radical formation in the antioxidant ethoxyquin. 
Journal of the Science of Food and Agriculture, 1975. 26(11): p. 1647-1654. 
271. Nourooz-Zadeh, J., Ferrous ion oxidation in presence of xylenol orange for detection of 
lipid hydroperoxides in plasma, in Methods in enzymology. 1999, Academic Press. p. 
58-62. 
272. Gay, C., Collins, J., and Gebicki, J.M., Determination of iron in solutions with the ferric-
xylenol orange complex. Analytical Biochemistry, 1999. 273(2): p. 143-8. 
273. Fukuzawa, K., Fujisaki, A., Akai, K., Tokumura, A., Terao, J., and Gebicki, J.M., 
Measurement of phosphatidylcholine hydroperoxides in solution and in intact 
membranes by the ferric-xylenol orange assay. Analytical Biochemistry, 2006. 359(1): 
p. 18-25. 
274. Jiang, Z.-Y., Hunt, J.V., and Wolff, S.P., Ferrous ion oxidation in the presence of xylenol 
orange for detection of lipid hydroperoxide in low density lipoprotein. Analytical 
Biochemistry, 1992. 202(2): p. 384-389. 
275. Gay, C.A. and Gebicki, J.M., Perchloric Acid Enhances Sensitivity and Reproducibility of 
the Ferric–Xylenol Orange Peroxide Assay. Analytical Biochemistry, 2002. 304(1): p. 42-
46. 
276. Yin, H. and Porter, N.A., Specificity of the ferrous oxidation of xylenol orange assay: 
analysis of autoxidation products of cholesteryl arachidonate. Analytical Biochemistry, 
2003. 313(2): p. 319-26. 
277. Hermes-Lima, M., Willmore, W.G., and Storey, K.B., Quantification of lipid peroxidation 
in tissue extracts based on Fe(III)xylenol orange complex formation. Free Radic Biol 
Med, 1995. 19(3): p. 271-80. 
278. Gay, C.A. and Gebicki, J.M., Measurement of protein and lipid hydroperoxides in 
biological systems by the ferric–xylenol orange method. Analytical Biochemistry, 2003. 
315(1): p. 29-35. 
271 
 
279. NATA, Guideline for the validation and verification of quantitative and qualitative test 
methods, in Technical Note 17. 2004. 
280. Swern, D., Organic Peroxides. 1972, Wiley-Interscience. 
281. Connell, J.J., Control of Fish Quality. 1975, Fishing News (Books) Limited. 
282. Grau, A., Codony, R., Rafecas, M., Barroeta, A.C., and Guardiola, F., Lipid Hydroperoxide 
Determination in Dark Chicken Meat through a Ferrous Oxidation−Xylenol Orange 
Method. Journal of Agricultural and Food Chemistry, 2000. 48(9): p. 4136-4143. 
283. Grau, A., Guardiola, F., Boatella, J., Baucells, M.D., and Codony, R., Evaluation of lipid 
ultraviolet absorption as a parameter to measure lipid oxidation in dark chicken meat. 
Journal of Agricultural and Food Chemistry, 2000. 48(9): p. 4128-35. 
284. McFarren, E.F., Lishka, R.J., and Parker, J.H., Criterion for judging acceptability of 
analytical methods. Analytical Chemistry, 1970. 42(3): p. 358-365. 
 
